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l\ INTRODUCTION

v Non-invasive cardiological methods are useful in the expert medical examination of flying personnel since, because
they are non-invasive, they are readily accepted by the subjects. They provide easily reproducible records which can be
used to compare the findings of one examination with those of another. These records can be included in a case record
and constitute medico-legal evidence.

These examinations can be divided into three categories:

(1) The standard electrocardiogram and cardiac X-ray are obligatory additions to expert clinical examination, which
forms the basis of cardiological assessment.

(2) Insome special cases, the expert may employ complementary examinations: exercise test with electrocardiographic
recording, Holter 24-hour electrocardiographic monitoring, echocardiography with its various modalities — TM,
two-dimensional, ultra sound, isotopic exploration.

(3) The special cardiological tests are useful either as a complementary examination in the expert medical examination
or else for the purpose of physiological research in aeronautical or space medicine. These include: Rheocardiography
with determination of the intervals of systolic time, balistocardiographyi, tilt table, LBNP-test and centrifuge.

With the introduction of new fighter aircraft with more sudden, severe and prolonged accelerations, these
cardiological methods will probablty become more important.

The aim of some of these tests will be to establish more accurately the drganic or functional integrity of the
cardiovascular system. Other tests, especially those known as “special tests” will be used as selection tests intended to
pick out the candidates best able to tolerate the most extreme accelerations. ¢
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CHAPTER 1

MAIN ELECTROCARDIQGRAPHIC ABNORMALITIES
IN THE MEDICAL EXAMINATION OF FLYING PERSONNEL

by R. Carré*, A, Didier**, and H. Ille**

The flying of very high performance aircraft such as the Mirage 2000 or 4000,
demands that flying personnel be selected to ensure maximum flight safety. During such

flights, the cardiovascular system is the physiologica® system exposed to the greatest
stress.

Military requlations concerning the medical suitability of flying personnel
require total organic and functional integrity of the circulatory system.

An electrocardiogram with 6 peripheral and precordial leads is performed at
each admission or review check up of the flying personnel.

Unsuitability of flying personnel is readily established if any of the signs
listed below are present:

- arrhythmias: flutter, atrial fibrillation, obvious conduction disorders;

- complete right bundle branch block or complete left bundle branch block;

- sequellae of myocardial infarctus, some of which the subject may be aware of,
but others which may not be apparent to the pilots themselves. Over a 10-year
period, we detected eight cases of myocardial infarctus which had passed
unnoticed and were discovered during routine review examinations. In some
difficult cases a vectocardiogram may be useful.

However, some electrocardiographic recordings may be indecisiveand we envisage
investigation of the following features:

1) Certain arrhythmias
2) Partial right bundle branch blocks

3) Left axis deviations and their relationship with the notion of left
anterior hemiblock

4) The Wolff-Parkinson-White syndrome

5) Atypical ventricular repolarisation

I - ARRHYTHMIAS

Excitability disturbances are frequent. Atrial, nodal and ventricular extra-
systoles are routinely detected; but it is difficult to establish ar acceptable threshold.
Holter-monitoring involving 24-hour electrocardiographic recording, has demonstrated the
frequency of such disturbances in the asymptomatic subject and it is difficult to establish

criteria of normality in this area. Various studies (3) (5) (8) have established certain
features:

- over 24 hours, nearly 50% of subjects present ventricular extrasystoles;
ventricular extrasystoles are common in the elderly but rare in young
subjects; when they do occur it is at a frequency of less than one per
minute and isolated rather than occurring as doublets or salvos.

atrial extrasystoles are commonplace in the elderly and rare in young subjects,
unlike nocturnal sinus pauses which are frequent in young subjects without

apparent heart disease; these are always nocturnal and result from excessive
vagal tone {(13) (6).

Many rhythm disturbances disappear during certain forced tests (exercise test)
and do not indicate any lack of fitness but when these extrasystoles occur, either during
or following an effort test, or during aeronautical force tests (centrifuge, orthostatic
test, Lower Body Negative Pressure test), they do cast doubt on suitability for flying.

* Médecin Chef des Services
#* Médecins en Chef

Centre Principal d'Expertise Medicale du Personnel Navigant de 1°'

. Aeronautique
26 Bd. Victor - 75996 Paris Armées France.
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Photograph 1 JU ... Joseph 24 years W.70 kg H.1.80 m
Fluctuations of conduction and excitability disturbances

Atrioventricular conduction disorders obviously disbar the subject from any
post involving flying, However, lengthening of the PR interval is more debatable:
- first we have to define normality, on the basis of histograms obtained from
200 patients, the PR interval can be said to be prolonged if it exceeds 24/100ths
of a second;
) - then the significance of this must be determined: is this of vagal origin
E (constitutional or acquired), or is it some impairment of specific conduction
tissue which could deteriorate further?

Since the introduction of endocavitary recording of the potentials in the bundle
of His, it has become clear that the significance of impairment of atrioventricular
conduction may vary: a supra-His block is generally less serious than an infra-His block.
The problem, therefore, is to establish whether a first «r even second de ee disorder
of atrioventricular conduction is a benign abnormality or not, and how to determine this
by means of a simple, non-invasive method. The frequency of cardiac conduction abnorm-
ality in the athletic subject (19) is established. This is explained on the basis of a
functional disorder nf vagal origin, like the bradycardia of the athletic heart.
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Photograph 1 =~ JU ... Joseph 24 years W,70 kg H.1.80 m
exercise ECG - disappearance of excitability disorders
with accelerating heart rate




The pneumogastric nerve or vagus which constitutes the Xth cranial pair 1s a
sensory-motor nerve with a large territory including the thoracic vicera and, in particular,
the heart. The fibres of the right pneumogastic destined for the heart supply the posterior
part of the atrium and, in particular, Keith's bundle; the left vagal fibres are closely
related with the Aschoff-Tawara node and less closely with the ventricles.

Stimulation of the vagus slows the heart rate {(negative chronotropic effect};
if the stimulation is intense, arrest occurs in diastole, which always terminates in
escape triggered by the pacemaking activity of the node. Stimulation of the pheumogastric
nerve depresses atrioventricular conduction (negative dromotropic effect) . This is
reflected in the ECG by a lengthening of the RP interval and even by second degrec atrio-
ventricular block (AVB). Recordings of the electrical activity of the bundle of His
situates the disorder as an impairment of atrio-his conduction (lengthened AH segment]).
However, stimulation of the left pneumogastric more easily gives rise to second or even third
degree AVB.

Two simple tests establish the involvement of the vagus:

~ ocular compression during electrocardiographic monitoring, investigation of the
oculocardiac reflex (OCR)
~ the atropine (a natural parasympatholytic) test

Study of the oculocardiac reflex: compression of the eyeballs for 15 seconds )
produces slowing of the heart rate in most subjects. The severity of the slowing varies
and may result in cardiac arrest in diastole.

The test is positive if it results in :

- either a cardiac pause of at least 5 seconds
- or clinical signs (syncopy) or (presyncopic signs}).

The atropine test consists of taking an electrocardiographic recording before
and 45 minutes after intramuscular injection of 1.5 mg of atropine. The test is positive
1f it produces a clear shortening of the PR interval.

However, some reservations have been expressed with respect to the value of this
test, The test may improve A-V conduction even in the presencc of organic disorder.
However, functional disorder is more probable if the disorder varies with time, if it 1s
not accompanied by any organic lesion detectable by the clinical examination and the usual
complementary examinations (ECG, X-ray) and if the subject demonstrates good tolerance to
aerodynamic stress tests (hypoxia, depression, acceleration). However, this does not

entirely rule out the possibility of a congenital weakness of the conducting tissue likely to 3
deteriorate with time. Reqular check ups are necessary and the regulations provide for an ‘
annual check up for all flying personnel and a six-monthly check up for pilots. In some

doubt ful cases, only recording the electrical activity in the bundle of His 1s really
decisive.

When vagal involvement is apparent, it may appear either as a mechanism of
adapting to repeated stress, similar to that of the athletic heart, or eclse as a dysfunction
of these same sympathetic adaptation mechanisms. 1In the latter case, vagal tone 1s
responsible for malaise and even loss of consciousncss and :s a negative factor which may
result in occupational unsuitability.

IT - PARTTIAL RIGHT BUNDLE BRANCH BI.CCX:

The most commonly erncounter~d aspects of partial right bundle blocks are, in
the opinion of the ai*hors, not incompu.ible witiraviation if the total duration of the
VRS complex doe: not exceed 12/100ths of a second, :if the rSr' VI bLlock remains unchanged
ot disappears dur.nt the Flack test or endurance test at 40 mm Hg.

A statistica. study carried out at the Centre Principal d'Exper*ise Médicale du
Personnel Navigant at Paris has established that these features of partial ~ight bundle block
were present in 12% of candidates at admission and that this percentage was higher the
yrunger these subjectr. It can therefore be advanced that frequently these features of
partial right bundle b;anch block, which may disappear during Flack rotation, may be merely
a physiological aspect of he youthful electrocardiogram. It would therefore be an error
to eliminate automatically all subjects presenting such features, especially since multiple
cimultaneous recordings from scveral leads terd to include as partial right bundle branch
block similar morphological images, some of which present an r' peak which obviously does
not correspond with delayed contraction of the right heart.

IIT - LEFT QRS AXIS DEVIATION

—

Determination of the mean axis of the QRS complex in the frontal plan is a )
fundamental element of the analysis of an electrocardiogram recorded in the usual way. .t
This axis is normal for adult subjects if it lies between -30° and + 110° (16). o

Apart from any pathological cause, the electrical axis of the heart varies
within this range depending on its anatomical position in the thorax. Although there is no
constant correspondance, a horizontal position of the heart is often associated with a shift
of the electrical axis towards the left, whereas right deviation is often found with the
heart vertical,.
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A clear deviation to the left of the QRS axis in excess of -30° is often
indicative of a pathological condition: it is present in some congenital heart diseases
and is suggestive in particular of left ventricular hypertrophy. It is generally admitted,
after GRANT (10), that in isolation such a deviation has a negative significance; morbidity
and mortality due to cardiovascular disease, in particular to coronary artery disease, is
higher amongst subjects with this abnormality than amongst the general population.

The anatomo-clinical observation of BAHL et al (1) support this: 344 of the
453 subjects investigated, all of whom presented left deviation of the QRS axis, were
studied in an epidemiological study involving 4678 subjects aged over 20 years. In 41%
of the subjects with this abnormality, it was an isolated feature. The subjects were
followed up over a 4-year period and cardiovascular morbidity and mortality were no different
from those of the rest of the population.

A new physio-pathological concept has emerged from the studies of GRANT in
1956 (10), of LENEGRE in 1958 (14), of PRYOR and BLOUNT in 1966 (17) and especially of
ROSENBAUM in 1968 (23) . This is the concept of hemiblocks ©f the left branch of the bundle
of His division which rapidly estapblished itself as a source of major QRS axis deviations.

CURRENT CONCEPTS OF VENTRICULAR ACTIVATION )

The bundle of His divides into two branches, right and left, which propagate
the stimulus received from the Aschoff Tawara node to the ventricles.

Diagram of the
Division of the bundle of His
and its branches

Bundle of HIS
common trunk

A.T. node 3
branch '
Right 4
branch
!
Posterior
fascicle
. Anterior LV Median
i fascicle of fascicle
the left
branch

Diagram of
Ventricular activation

[T ™
Ant. LV. :
Post LV. Post LV.
i
RV, !
Wivee
Normal Left anterior hemiblock
‘ {after Fernandez)




whereas the right division is single until its terminal arborization, the left
division divides into several secondary fascicles. There is a range of anatomical variations
which are debatable but on the functioning level, the sequence of events follows that of
ROSENBAUM's original concept: 3an anterior and superior fascicle activates the corresponding
areas of tne left ventricular myocardium, the rest of the ventricles being activated by an
inferior, posterior fascicle.

The left branch hemiblocks are therefore defined as systematic impairment of
intraventricular conduction involving one of the fascicles of the division of this branch.
wWe will not discuss posterior left hemiblock further, this is much less frequent in isolation
than anterior block and we found no examples of it.

Left anterior hemiblock produces delayed activation of the anterior upper half
of the left ventricle. The electrocardiographic repercussions have now been clearly
established (FERNANDEZ (9):

- the initial vector, reflecting septal activation, loses one of its left
components and is shifted downwards, rightwards and forwards. The
extent of this shift depends on the extent of the lesion, as the
vectocardiographic studies of CLEMENTY, BROUSTET et al (4) have shown;

- the delay in activation of the upper anterior half of the left ventricle
results in a leftward deviation of the axis of the terminal vectors:\\\\\

- over all, the main sign of left anterior hemiblock is left axis deviation
of the electrical axis of the maximum vector.

The table below shows electrocardiographic criteria of this hemiblock.

Sinus Rhythm

NDuration of QRS f Normal or increased up to 12/100th of a second

ORS Axis f between - 30° and - 90°¢

First vectors f ql, r2, r3

Last vectors : shifted leftwards

Lewis' index : may exceed + 17

v4 - V5 - V6 : R/s pattern

vl - V2 f Variable, sometimes r S r' o
Repolarisation f Normal or secondary disturbances

Intrinsic AVL deflexion ‘ Over 5/100th of a second

Before considering the clinical significance of these electrical features,
we should eliminate some possibilities.

Differential diagnosis:

The so-called positional left deviation of the QRS axis does not normally
exceed -30°.

Left ventricular hypertrophy is recognised from the clinical, etiological,
and radiological context, and from abnormalities of the ECG recordings. Some authors hold
that clear left axis deviation is In cases of left ventricular hypertrophy, a sign o true
hemiblock.

The wWolff-Parkinson-White syndrome, type B, is accompanied by a leftward shift
of the QRS axis,

The relationship between left anterior hemiblock and myocardial infarctus are
more complex : (FERNANDEZ (9)).

- hemiblock may resemble antero-septal necrosis in the appearance of the
QS segment and in a reduction of the r waves from V1 to V3,

- hemiblock may be associated with the infarctus,

~ hemiblock may mask necrosis {(antero-septal or diaphragmaticl}.

4
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Typical ECG record
in left anterior hemiblock

The diagnosis can be corrected by recording with electrodes in a low position
or better still, using a vectocardiograph.

CLINICAL SIGNIFICANCE OF LEFT ANTERIOR HEMIBLOCKS

The main etiologies of this conduction disorder are summarised in the table
below:

Congenital
heart diseases

Ventricular septal defect
Atrioventricular canal
Tricuspid atresia

Single ventricle

Aortic valve disease

Hypertension

Obstructive myocardiopathy

Alcoholic myocardiopathy

Amylosis, haemochromatosis

Friedreich disease

Myotonia and muscular dystrophies
Chagas-disease

Coronary artery disease

Primitive disorders of the conduction pathways

Acquired heart
disease

as we b6 ws ae s ss se v we an fes as s se e

Functional causes Hyperkalaemia
Digitalis overdose

ws se we fue eu es e w4 s ws s es a4 s e fes en se es we
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According to FERNANDEZ, in 25 % of cases, left anterior hemiblock appears
to be ideopathic in healthy subjects who appear normal when subjected to clinical examinatinn,

when the various etiologies have been eliminated, the condition must be classified
as one of the following:

1 ~ silent coronary artery disease
2 - a degenerative condition, such as LENEGRE or LEV'S disease
3 - such as to be compatible with a healthy state.




60 cases of QRS axis deviation are reported (7). They can be divided into two
classes:

1 - Cases in which a pathological factor emerges as the probable or possible cause
of left axis deviation. Some of these pathclogical factors are obvious, such as overweight,
moderate hypertension, diabetes or mixed hyperlipidaemia. 1In other cases, none of these
factors are detected, but the QRS axis shifts over the years, possibly indicating the
development of a chronic disease process.

The association of left QRS axis deviation with a complete right bundle branch block
have been included in this group. Theoretically, this combination implies that conduction
into the ventricles occurs only through the left posterior division. Prognosis for this
type of fascicular block is subject to discussion.

|
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BIG ... Pierre, 51 years, 1.74 m, 70 kg. !
RBBB with QRS = 10 - 12/100 sec. and LAH > )

UNCHANGED SINCE 1955

According to FERNANDEZ (9) and following LENEGRE and BLONDEAU (2), development

towards complete atrioventricular block takes place in only about 50% of cases, the :

proportion depending on the etiology, almost 100% of idiopathic cases, 33% of coronary :
. artery failure cases and 25% of myocardiopathy cases. . }
§

. Unlike other authors (GUEROT, COSTE and TRICOT (11) after SCANLON, PRYOR and
- BLOUNT (22) think that development into complete atrioventricular blocks occurs in only
10 to 15% of cases. i

Findings of investigations of recordings of the action potentials in the bundle :
of His by various authors are also contradictory: |
- NARULA and SAMET (15) found abnormal intra-His conduction (in the L
only remaining His-ventricular pathway) in 49 out of 68 cases of complete
right bundle block with clear left axis deviation;

- RANGANATHAN (20) found the same situation in 5 out of 10 cases; ‘

- GUEROT, COSTE, VALERE, MOTTE and TRICOT (1l1l) found, however, normal His-
ventricular conduction in most cases. ' |

We have noted that in this type of association, left side delay is generally of

the minor type described by Fernandez.

D1 = gRs wide,

D 3 = rSr' wide
as compared with right block "mascarading as left bundle branch block” reflecting considerable
delay on the left side with the following features:

D1 : gR

D3 :1r8
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CASE N° 49
VIL ... Georges, 28 years, 1.62 m, 56 kg
Clinical signs = N.A.D.

TYPICAL ECG RECORDING OF A "LEFT ANTERIOR HEMIBLOCK"
DETECTED IN 1968

2 - The second group includes healthy subjects all presenting QRS axis deviation.
These patients are of normal weight, are even frequently tall and thin. 1In most cases,
previous records establish that the "abnormal" appearance of the electrocardiogram was
present before the age of 25 years and that it remained stable over a long period (8
cases extending over at least 15 years).

It therefore seems reasonable to accept that as well as the familiar positional
variations and obvious or probable pathological causes, other left QRS axis deviations
exist which present ECG features similar to left anterior hemiblock.

It is established that these features are "at the extreme left of the normal
electrocardiogram” and that "in extreme cases, activation of the entire left ventricle
may depend entirely on the posterior pathways as in anterior hemiblock" (FERNANDEZ (9)).
The situation develops thereforeas if the 1left anterior fascicle was functioning to a
limited extent or not at all.

It is on this basis that the authors explain the isolated and stable "left
anterior hemiblocks” which they detected.

As LANCASTER wisely recommends (12; we have preferred the term “left axis
deviation" to that of "left anterior hemiblock®” which implies a pathological cause which
remains to be proved. This variant ventricular activation is not exceptional and is
encountered frequently during medico-aeronautical clinical examination.

MEDICO - AERONAUTICAL CONSEQUENCES

I - Of heart disease:

Whatever the nature and etiology, it is obvious that left QRS axis deviation
is simply a sign and that the attitude of the clinician depends on the underlying heart
disease.

2 - Of a complete right branch bundle block of the bundle of His:

Left QRS axis deviation is a supplementary element which is bound to urge the
clinician to great prudence:

a) the unsuitability for acceptance as flying personnel is a conclusion which
seems likely,

b) if such abnormality is detected during a periodic review check up, the
clinical expert must consider two possibilities:

A
'
'
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- the first involves subjects whose former ECG record includes left axis
deviation and whose QRS axis remains more or less the same,presenting a "minor type of
left delay " in FERNANDEZ' terms. In our opinion these cases should be considered as
isolated blccks of the right bundle branch. The usual prognosis is favourable. Even though
studies i1nvolving endocavitary recordings may sometimes contradict each other,this trad-
1tional concept can be retained.

LANCASTER (12) investigating 37 patients of the U.S. Air Force presenting a
right bundle branch block subjected them to extremely thorough haemodynamic and angiographic
tests and found that 34 of them were retained as suitable for airborne service with no
restrictions. The subjects merely being reviewed annually.

The authors adopt virtually the same approach.

External cardiovascular investigations with a vectocardiogram, and a complete
metabolic assessment are performed. Temporary unsuitability is declared for a six month
period. After this observation period, in the absence of any pathological factors and
continuing stability of recordings, we are generally favourable to the continuing service,
but with the exclusion of the post of pilot of a high performance aircraft or single
pllot function.

Monthly and then three-monthly electrocardiographic monitoring 18 required.

- the other possibility concerns subjects whose ECG record had been strictly
normal on usual criter:ia and in whom a right bundle branch block and left anterior hemi-
block appeared simultaneously.

These cases can be considered as bifascicular blocks and prognosis remains 1in
suspension., Literature data agree that there 1is a danger of development into complete atrio-
ventricular block 1n a high proportion of cases. In our opinion unsuitability for flying
personnel posts should be proposed.

As well as the 1investigations already listed, the examination should include an
accurate study of atrioventricular conduction by means of recording of the action
potential 1n the bundle of His. This risk-free examination has become commonplace and in-
vestigates atrioventricular conduction accurately by means of the remaining specific tissue.

Only this examination, which can establish that left branch conduction 1is
satisfactcry, can overturn a declaration of unfitness,

A decision with such major consequences cannot be hased on the contradictory
data 1n the literature (4-5-7-9-11-12-13-15)

3 - The electrocardiographic aspects of i1sclated left anterior hemi-block
can be divided into two categories:

a) those which appear to be acquired 1n subjects previously presenting a normal
electrocardiogram
In this case, the logical attitude seems to be the same as that adopted
1n cases i1n which a right branch bundle block develops.
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b) left deviations of the QRS axis with or without the other criteria advanced
for left anterior hemiblock in young subjects, detected during the medical
check up for admission to a post as flying personnel.

Whilst taking every possible precaution to ensure the absence of any
cardiac or metabolic disease factor, but without resorting to invasive
methods, which we hold to be unnecessary here, we think that these are non-

pathological variants of ventricular activation and we propose that such
subjects are suitable for inclusion as flying personnel.
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IV - WOLFF~PARKINSON-WHITE syndrome

V - ATYPICAL VENTRICULAR REPOLARISATION

Please see the detailed study elsewhere in this review.
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CHAPTER 2
VENTRICULAR PRE-EXCITATION SYNDROMES

by J. Droniou*

Ventricular pre-excitation (VPE) syndromes constitute a group of conduction
disorder involving premature activation of all or part of the ventricles by the normal
sinus node excitation wave. These syndromes may be asymptomatic, <onsisting of electro-
cardiographic signs, or may be complicated by arrhythmias which may be serious. The
asymptomatic forms are a source of problems in the examination of flying personnel for
two reasons 3

- Some electrocardiographic abnormalities suggestive of pre-excitation
are ambiguous
- Prognosis is difficult to establish

I - / CURRENT CONCEPTS OF VPE SYNDROMES /

The VPE syndromes arise from two essential mechanisms. In some cases there is
an accessory conduction pathway, remnant of an embryological system, which partially or
totally shortcircuits, or bypasses, the physiological AV node-His pathway and competes with
it for transmission of the sinus node activation into the ventricles. In other cases
there is no evidence of any anatomical by pass and the pre-excitation appears to originate
in a purely functional phenomenon of accelerated atrioventricular conduction.

The electrocardiographic effects depend on the topography and electrophysiological

properties of the accessory pathway when there is one. Two types of abnormalities occur
and these may not be associated :

- shortening of the P-R interval, reflecting either an anatomical bypass of the A-T node
(ATN), or else accelerated nodal conduction;

- the pre-excitation delta wave, widening the QRS wave with a loss of its onset component
and reflecting premature activation of a portion of the ventricular myocardium via the
accessory pathway (AP) within it. The terminal section of the QRS is normal and corresponds
to activation of the remainder of the ventricle via the A-V node-His pathway (NHP), occurring
at the normal times {(but after that via the AP), The QRS complex really represents a

fusion complex, the width of which depends on the amount of pre-excited myocardium, reflect-
ed by the delta wave.

I - A. CLASSIFICATION OF VPE SYNDROMES
3 groups can be distinguished:

I - A. 1. Anomalous atrioventricular connections

Commonly known as KENT'S BUNDLE, these form a bridge from the atrium
to the homolateral ventricle (complete AV-bypass). The AP may be situated on the right or
left and may be anterior or posterior, septal or lateral. The electrocardiographic sign of
its presence is the WOLFF-~PARKINSON-WHITE syndrome {(WPW).

I - A. 2. Accelerated atrioventricular conduction (AAVC)

The electrocardiographic sign is the short P-R interval described by
CLERC, LEVY and CRISTESCO (5) and later by LOWN, GANONG and LEVINE (14), which is usually
known as the LOWN, GANONG and LEVINE syndrome.

The corresponding mechanisms are ambiguous:
- anatomic bypass of the ATN either via the JAMES atrio-nodal fibres:; or via atrio-
His fibres as described by LEV and by BRECHENMACHER.
- insufficient development of the ATN

~ a purely functional phenomenon of accelerated nodal conduction.

I - A. 3. VPE of MAHAIM fibres

This type of VPE, is less common and is related to the presence of
anomalous AV node-ventricular or His~ventricular pathways.

* Médecin-en-Chef
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I - B. MECHANISM OF EPISODES OF TACHYCARDIA

These episodes sometimes occur as complications of the VPE syndromes and they
obey two major mechanisms:

I - B. 1. Regular episodes of tachycardia with reciprocal rhythm.

The reentrant circuit follows the AV node-His and the accessory
pathways. The initiation mechanism is an extrasystole which may be of various origins and
which finds one of the pathways open and the other still refractory. This reentry is
favoured by widely differing refractory periods of the two pathways. The reentry may also
be intra-nodal and this explains the possibility of reciprocal tachycardia in the absence
of any anatomical bypass.

I ~ B. 2. Episodes of atrial tachycardia:

Atrial flutter or fibrillation may be transmitted to the ventricles
via the accessory pathway or via the AV node-His pathway. The severity of these episodes
depends on the refractory period of the accessory pathway.

Ventricular arrhythmias are generally a complication of atrial tachycardia
entirely transmitted to the ventricles via an AP with short refractory period.

I - B. 3. Role promoting theft:

The prolonged and extreme acceleration and Gs met with in the flying
of high performance fighter planes may, in theory at least, constitute a factor promoting
arrhythmias. They result in the following elements:

1) a series of phases of tachycardia and of bradycardia. These
variations in the duration of the nodal cycle and in the vagal-sympathetic
modifications which underly them may create reentry conditions by altering
the refractory periods of the two pathways;
2) myocardial hyperexcitability, the source of extrasystoles, may initiate
reciprocal tachycardia;
myocardial hypoxia, as a result of reduced coronary artery flow, may promote
the ventricular desynchronisation phenomena such as tachycardia and result
in ventricular fibrillation.

3

In general, aeronautical stress factors, combined to a maximum effect in fighter
planes, result in sympathetic stimulation and catecholamines release similar to those
produced by effort, the usual factor triggering arrhythmia in VPE syndromes.

11 - / WPW SYNDROME /

This is the VPE syndrome which has been studied in greatest detail and which
carries the greatest risk of paroxysmal tachycardia (PT). If this feature is detected
during the selection examination, the candidate is classified as unsuitable for inclusion
in flying personnel. In fact, some patients get through the selection process because of
diagnostic inadequacies.

IT - A. DIAGNOSTIC PROBLEMS DURING SELECTION

These can be deduced from the very variable incidence of WPW syndrome in
statistics from various sources: from 0.5%, during health check ups (periodic
examinations in apparently asymptomatic subjects) to 3.25%, in some hospital units. The
studies in flying personnel reveal an incidence of between 0.99 and 3 %, (1,3,9,16,18,19).

The electrocardiographic sign results as we have said from competition between
the AP and the Node-His pathway. The outcome depends obviously on several factors:

~ the refractory periods {RP} of the two pathways

~ the atrial point of insertion and the ventricular point of emergence of the AP,

~ changes in the vago-sympathetic tone and of the sinus node rhythm which could change the
RP and the speed of conduction of the input in the two channels in any way.
This explains the numerous electrocardiographic variants which exist, some of which
may not be recognized.




II - A. 1. Typical ECG records

These are readily diagnosed from the association of 5 criteria
(Figure 1)
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Figure 1 - WPW syndrome: typical ECG recordings
1l A: type B; 1 B : type A,




~ normal P waves arising in the sinus

- shortened PR interval, or rather P-delta interval, less than 0.12 seconds
- large QRS greater than 0.12 seconds, with an initial delta wave

- normal PJ interval

- secondary repolarization disturbances, less essential.

The polarity of the delta wave and of the QRS complex varies depending on the

AP pathway. Various electrocardiographic classifications can be suggested, we will consider
only two:

- ROSENBAUM's classification of type A and type B: Type A is characterised by an exclusive
or predominant V1 R wave. This corresponds to left VPE. Type B, which corresponds to a
right VPE is characterised by predominantly negative QRS complexes on the right precordials.
In fact many WPW cases cannot easily be classified on this system.

- a classification depending on the polarity of the delta wave has been established on the
basis of surgical epicardiac mapping data:

V1 positive delta wave : left VPE f
V1 negative or isodiphasic delta wave : right VPE

D3 negative delta wave : septal VPE (right or left) !
D3 positive delta wave : lateral VPE (right or left) .
This is of course a very rough classification but it is useful in clinical practice. )

Even though the pathological nature of the ECG is obvious, these typical patterns
may result in diagnostic errors: confusion with the sequellae of myoccardial infarctus,

with right ventricular hypertrophy (left VPE) or with a left bundle branch block (right VPE)
are possible.

II - A. 2. Mild or minor forms:

These consist of a QRS complex showing little or no enlargement, a slight
delta wave which may sometimes be replaced by the near disappearance of the physiological
wave on some leads (see figure 2). They may be confused with a short PR syndrome, and
even not detected at all if the PR interval is borderline. Such a patten is frequent in VPE
of the left lateral Kent bundles, 1In this form the input of sinus rnode origin takes
longer to reach the left atrial point of insertion of the AP than to reach the NHP.
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Figure 2 WPW syndrome: minor form
The diagnosis can be suspected from the
D2, V5, V6 leads.




II - A, 3. Intermittent forms:

These are also frequent in from 178 (4) to over 35% (6-15) of
cases depending on the authors. In a statistical study carried out at the Centre Principal
d'Expertise du Personnel Navigant de Paris, RICHART (16) detected 18% of these forms.
However the VPE pattern may sometimes occur on the same recording with normal patterns
(see figure 3) but may be revealed only occasionally, the ECG being normal at several
successive examinations.
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Figure 3 - WPW syndrome: intermittent form - alternation of normal complexes
with pre-excitation complexes.

IT - A, 4. Masked forms:
In these forms the VPE is not evident from the surface ECG. Such

forms remain undetected and may be discovered only when sc. » rhythmic disturbance occurs.
They result from two mechanisms:
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Figure 4 - WPW syndrome: masked form, PR interval 0.13 sec: slight
thickrning of the foot of the R wave on some leacs,




a) the AP remains permeable to the sinus node activation wave *in the antegrade
direction (atrioventricular} but does not readily show itself either because its
refractory period is much longer than that of the NHP, or especially in the case
of the left lateral Kent bundle, particularly if there are alsoc present intra-atrial
conduction problems (Figure 4).

b) in other cases, the AP is the site of a permanent block in the anterograde direction
but remains permeable in the retrograde direction and may be involved in the reentry
circuit. Patients presentingtrue BOUVERET diseases correspond to this mechanism.

II -~ A. 5. Diagnosis of atypical forms

The physiopathology of the WPW syndrome explains that by means of
various external manoeuvres or pharmacological interventions to increase a mild VPE or to
reveal an intermittent or even masked VPE. Such interventions include:

~ vagal manoeuvres such as the oculocardiac reflex which slows conduction in the node-His
pathway withcut affecting the AP conduction;

- the injection of methoxamine, of neosynephrin or better still adenosine triphosphate

( adrenergic drugs);

- the effort test, which results in sympathetic stimulation and catecholamine release which
may either increase the VPE or else cause it to disappear if the refractory period is long;
- simple variations in the heart rate may sometimes suffice to trigger VPE,

Endocavitary electrophysiologic exploration is only carried out in complicated
cases and in principle has no place in the clinical examination of flying personnel.
This reveals:

- a normal AH interval (atrio-His conduction time) in excess of 60 msec.

- a shortened HV interval (His-ventricular conduction period] of no more than
30 msec, since ventricular depolarisation begins prematurely. The HV interval
is shorter the greater the VPE, at maximum effect, H may be hidden in the
ventriculogram.

- atrial stimulation at rising frequency and the method of atrial extra stimulus
can be used to increase and reveal mild minor or masked VPE with persistent
ante grade conduction, Endocavitary exploration is the only method capable of
detecting masked forms with permanent antegrade block. This investigation also
gives information concerning the electrophysiological properties of the two
pathways and the topography of the AP,

II - B. PROCNOSTIC DIFFICULTIES IN REVIEW CHECK UPS

Whatever procedure is adopted, WPW syndromes will be discovered during some
subjects' careers. When episodes of tachycardia are also present, the presence of WPW
res ults in unfitness, In other cases the decision is based on an assessment of the
risk in function of the pre-excitation in itself and of the aeronautical field involved.

II - B. 1. Prognosis of the WPW syndrome

The detection of an isolated WPW abnormality in an experienced
flight officer does not necessarily have a negative significance. The frequency of
arrhythmias which varies between 4.3% and 90% depending on the source of the statistics
(7), is less than 15% in flying personnel (3-16-18-19). Furthermore, the statistics from
aeronautical sources and involving a follow up over several years indicate a low incidence
of episodes of tachycardia (3-19) and zero mortality directly attributable to WPW syndrome
(19). Finally it should be noted that in most groups studied (6-8-10) the episodes began
before the age of 30 years in between 70 and 82% of cases.

The optimistic outlook which would seem to result from these aeronautical studies
should however be tempered somewhat. A diagnosis based on the interview is always dubious
when it comes to an expert clinical examination and it is probable that some subjects who
have had occasional episodes of mild and shortlived tachycardia still continue to fly.
Furthermore statistically 20 to 30% of patients do present their first attacks of
tachycardia after the age of 30.

The WPW syndrome is also combined in 20 to 30% of cases with congenital or
acquired cardiographic abnormalities, two of which should be considered since they promote
rhythm disturbances and may pass unrecognized. Primitive myocardiopathies, especially
obstructive hypertrophic myocardiopathy,may result in a false appearance of pre-
excitation or be associated with an authentic VPE,

Mitral valve ballooning may also accompany WPW syndrome, generally of type A,
in 75% of cases according to data from some studies (7). Knowledge of the possibility of
these two associations justifies systematic echocardiography in any flying personnel staff
members presenting WPW syndrome.

Finally and above all, it should be remembered that the first episode of
tachycardia, even if it occurs late, may be serious from the outset and even result in
sudden death.

Very mild episodes of paroxysmal tachycardia may sometimes be accoupanied by
functional symptoms which may disturb consciousness: lipothymic states or brief syncopes.
Such incidents are sometimes found in the case history of subjects presenting WPW syndromes
but who do not report episodes of tachycardia.




The major danger 1is that of episodes of atrial tachycardia, flutter or
particularly atrial fibrillation (AF).

According to hospital statistics AF occurs in between 11.5 and 39% of WPW

cases (7), this figure may be somewhat over-estimated because of the selection of subjects.
In particular, AF may definitely occur in young subjects with a healthy heart in whom the
AP is the only factor promoting its onset. If the AP has a very short refractory period
the AF may also be fully transmitted to the ventricles and thus produce MALIGNANT ATRIAL
FIBRILLATION with high ventricular frequency (figure 5) which is always poorly tclerated
and carries a constant risk of sudden death by transformation into ventricular fibrillation
(7).

Figure 5 - Episode of tachyarrhythmias due to atr:ial fibrillation
{same patient as figure 4)

An accident of this type may be the first and last in a hitherto asymptomatic
subject presenting a typical, intermittent, mild or masked VPE. Sudden death in the WPW
syndrome results from such episodes. The risk is evaluated by LEPESHKIN (11) at 1%,

a figure that LAHAM (10) considers too high, but other authors give still higher figures.
It is in any case unpredictable .

IT - B. 2. Assessment of the risk

In practice how can we detect the high risk subjects amongst those
presenting WPW syndrome, who are particularly exposed to arrhythmias and especially severec
arrhythmias? Age, the absence of any associated heart disease, the appearance of the
recording which may be typical, atypical or masked, and the absence of any past history
of arrhythmias do not constitute solid prognostic arguments (7).

Only endocavitary electrophysiological exploration is able to provide defini:e
evidence by establishing the refractory periods of the two pathways and by demonstrating
a short refractory period of the AP and the hyperexcitability of the myocardium resulting
in easy triggering of paroxysmal arrhythmias of various types and especially of AF, is
really decisive. And even this exploration is not absolutely decisive since it provides
only an instantaneous picture of the electrophysiological conditions which may vary with
time under the influence of various factors.

Some non-invasive examinations can provide useful prognostic indications:

1) Echocardiography can reveal any abnormalities in the movement of the septal
and posterior walls of the left ventricle which vary in function of the
form of VPE and are of particular use in detecting any possible associated
heart disease.

2) The 24-hour monitoring of the electrocardiogram may detect hyperexcitability
of the myocardium in the form of frequent extrasystoles or even brief
episodes of tachycardia.

3) The exercise test may sometimes induce an episode of tachycardia (4-12).
The persistence of the VPE at high frequencies accompanying maximum effort is
particularly indicative of a short refractory period AP whereas a disappearance
of the VPE suggests a long RP, a positive prognostic factor (figure 6).
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Figure 6 ~ effort test

A - base line
B - submaximum effort recording
Narrowing of QRS complexes
Key: repos = rest

4) Specific aeronautical tests may be employed:
use of a depression caisson with hypoxia (19), exposure to acceleration
+ Gz in the centrifuge in order to investigate the reaction of patients in a
si1tuation as near as possible to actual conditions

I1 - B. 3. Practical apprcach

a) to selection:
The mere presence of the WPW syndrome results in disbarring of the candidate. Some minor
forms should not be overlooked. These may take the form of a short PR interval or a
barely detectable delta wave with a PR at the limit of normality. Routine performance of
the oculocardiac reflex, a simple, rapid and hasard free procedure, clarifies some
unclear forms. However, it is certain that some mild,intermittent or masked forms of
WPW do get through the selection filter.

b) to review check up:
Any suspicion of paroxysmal episodes disbar the candidate. For asymptomatic suvjects, in
the light of the present impossibility of any certitude of prognosis, we recourmend the
following attitude:

1) Disbarring from the role of pilot in high performance fighter planes
because of the high risk factors this entails.

2) Fitness for pilot roles in transport and liaison aircraft,
and helicopters, on condition that there is a co-pilot and that
the electrocardiogram, 24-hour electrocardiographic monitoring and exercise
test are all normal.
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The authors believe that an endocavitary electrophysiological exploration
may be justified. The detection of myocardial hyperexcitability, especially
if the refractory period of the AP is short, would entail disbarring from any
pilot role.

3) For other flying personnel categories, the only essential criter on is the
absence of episodes of paroxysmal tachycardia.

111 - / SHORT PR _INTERVAL SYNDROME /

This is reflected by a PR interval of less than 0.12 seconds and a narrow QRS
without any delta wave. The detection of such abnormalities poses various questions which
are far from being answered:

concerning their frequency

. concerning their significance

concerning the increasing risk

We will consider these three aspects in turn.

11T - A. FREQUENCY

This syndrome is more frequent than the WPW syndrome. SEARS and MANNING (18)
found a frequency of 1.5% in subjects aged 18 to 24 years. LOMBARDI and MASINI (13) found
a frequency of 0.89% in 43¢0 ECG recordings of hospitalised patients. The Paris CPEMPN
detected this abnormality in 2% of the subjects examined (according to CARRE).

II1 - B. SIGNIFICANCE

This feature is not unambiguous.

1) Some short PR intervals correspond to minor WPW syndromes. Attention should
be paid to a slight thickening of the foot of the QRS, and the disappearance
of the physiological Q-~wave on some leads. Vagal manoeuvres and on occasions
exercise tests may reveal the existence of a Kent bundle.

2) Other short PR interval syndromes reflect ACCELERATED ATRIOVENTRICULAR
CONDUCTION which can be established or eliminated only by endocavitary
electrophysiological exploration revealing the following features:

- an AH interval of less than 60 msec

- a normal HV interval

- and, during atrial stimulation at progressively increasing frequencies
up to 200 per minute, the persistence of 1/1 atrioventricular conduction
with little or no change in the AH intervals up to these high frequencies.
Several features of varying significance may be masked by this electro-
physiological syndrome: accessory atrio-His or atrio-nodal pathways,
insufficient development of the ATN or purely functional phenomena.

3) In some subjects presenting short PR, there is no pre-excitation and findings
of the electrophysiological exploration are normal (17).

It is reasonable to suppose that patients in the third group are no more liable
to arrhythmias than the normal population. Unfortunately the absence of routine encdo-
cavitary electrophysiological exploration makes it impossible to determine the relative
proportions of these three categories of short PR syndromes.

III - C. INCREASING RISK

Episodes of tachycardia are less frequent than in WPW syndrome, cf the order
of 11.5% to 14% of cases 1in the studies of LOWN, GANONG and LEVINE (14), of LOIBr DI and
MASSINI (13) and of CLERC (5). The subjects investigated by SERGE and MANNING (18) did not
include any case, This lower incidence can doubtless be attributed in part to the inclusion
of a group of subjects without VPE.

Arrhythmic episodes are of various types and some are potentially serious:
accelerated atrioventricular conduction seems to be the essential factor for severity,
explaining the frequently high heart rate during reciprocal tachycardia and atrial tachy-
cardia. According to BENCITT (2), this also explains the serious ventricular arrhythmias
which are sometimes noted. These may be tachyarrhythmias or ventricular fibrillations :

- either due to rapid transmission of atrial fibrillation to the ventricles
- or through the in!-~rmediary of an atrial extrasystole rapidly transmitted
to the ventricles and finding them in a vulnerable state.
There is a risk of sudden death: LOWN GANONG and LEVINE (14) reported two
cases in patients exposed to episodes of atrial fibrillation.
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IIT1 - D. PROBLEMS ENCOUNTERED IN THE EXPERT MEDICAL REPORT

The facts explain the problems encountered in the expert report on short PR
syndromes, and on which there is no consensus.

1) At selection

Two attitudes are possible:

~ either the elimination of all subjects presenting short PR syndrome; this
amounts to the rejection of 1 or 2% of candidates,some of whom are healthy
subjects;

~ o1 the elimination of only subjects with paroxysmal tachycardia, with the
attendant risk of failing to recognize mild WPW or of allowing subjects
with accelerated atrioventricular conduction and exposed tc the risk of
possibly serious arrhythmias to embark on a career in aeronautics.

The impossibility of certitude of prognosis without recourse to endocavitary
exploration should result in the same severe attitude to clearly defined short PR as to
WPW.

2) Review examinations

The suspicion of episodes of tachycardia does of course result in disbarring.
The discovery of an isolated PR in the pilot of a high performance fighter plane should, in
our opinion, if the echocardiographic recording, the Holter monitoring and exercise test
give normal results, lead to an endocavitary electrophysiological exploration and to
aeronautical stress tests. If the subject's reactions are normal and if the endocavitary
exploration demonstrates the absence of accelerated atrioventricular conduction, the
subject can be passed as suitable and the performance of an invasive test during an
expert report is justified.

For other personnel categories, the same approach should be adopted as to WPW.

IV - / VPE INVOLVING MAHAIM FIBRES/

This is detected in the surface ECG from the following features:

- a PR of more than 0.12 seconds, showing that the AP arises above the ATN;
- a QRS complex extended by a delta wave, resulting from the ventricular
insertion of the AP (the VPE is generally mild).

This type of VPE is very rare, but it is possible that some cases are unrecognized.

It carries less risk of arrhythmias than the other two forms but may, in a few cases,
promote reentrant ventricular arrhythmias. Diagnosis is confirmed by endocavitary
exploration revealing:

-~ a normal AH interval
- a short HV interval
- the response to atrial stimulation depending on the type of fibres involved.

In any case, the attitude adopted at selection can be the same as for other VPE
syndromes. At review check ups in subjects who are generally asymptomatic, the suitability
for pilot clearance can be maintained except in the case of pilots of high performance
aircraft, who must be disbarred.
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CHAPTER 3
THE EXERCISE ELECTROCARDIOGRAM

by G. Leguay* and A. Seigneuric*

PART ONE
- PHYSIOLOGICAL BASES OF THE EXERCISE ECG

The physical fitness of an individual depends in the first instance on his/her
ability to use oxygen(22).

I - MUSCULAR CONTRACTION

Muscular contraction results from the conversion of energy into mechanical

energy.

R requires the presence of the following: )

- energy-providing substrates
- enzyme substrates
- oxygen

The energy-providing substrates are the carbohydrates and the lipids.
The source of energy is ATF (adenosine-triphosphate).
The ATP stores in the muscle are low and if muscular activity is prolonged, ATP is
replenished from muscle glycogen, blood glucose and even from lipids (fatty acids).

All these reactions require the consumption of oxygen (aerobiosis) and result
in the formation of pyruvic acid.

If intense muscular activity is prolonged, ATP is produced by anaerobiosis from

pyruvic acid, which is converted into lactic acid. This produces the sensation of .
tiredness which forces halting of the exercise.

ITI - MAXIMAL OXYGEN CONSUMPTION (VO2 max) )

The principal factor determining an individual's physical fitness is his/her
capacity to use Oxygen.

A subject with a high ability to use oxygen in the muscles is able to meet intense
and prolonged energy requirements and hence prolonged and intense exercise.

Oxygen consumption (VO,) is expressed as litres per minute (l/mn) or as milli~
metres per kilogram per minute (Ml/kg/mn). The second form makes it possible to compare
the performance of subjects with different body weights.

The Vo, at rest is of the order of 250 ml/mn.

The Vo2 rises in proportion to increased work done (see figure 1}.

The VO determined during the sixth minute of dynamic exercise involving
work W is directly proportional to the work done.

For maximal work = W max., maximal oxygen consumption = VO2 max, Or aerobic
capacity is reached.
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Changes in oxygen consumption
exercise (after ECLACHE and BEAUR

VO

g in function of the work W during
(12).

For any exertion exceeding W max, and so in excess of the aerobic capacity, the
muscle works under anaerobic conditions and this is reflected by a sudden rise in the level
of lactic acid in the blood (figure 2), which triggers exhaustion.

Blood Lactic Acid
A

—A—> "

Maximum

FIGURE 2 )

Diagram showing the rise of blood lactic acid during exertion involving
increasing work output.

- Expressed in ml/mn., the VO max.
a value of 5,350 mi/mn (16).

may reach 4,000 or even 5,000. FENN obtained

- Expressed as ml/kg/mn it ranges from 40 to 85.

- The values vary in function of seveval factors (30).

. Age. VO, max. peaks at 15 to 20 years and then tails off. :
By K0 yecdrs it has fallen by one third.

. Sex. VO, max. is lower in women because they have lower muscle mass and
ef of haemoglobin is also lower.

the lev

. Type of exercise.

. Exercise tiaining.

The determination of the exertion VO, max. of an individual is the best index

VO max .

VO2 max.

of work capacity and physical fitness.

The VO max. is the upper limit of the capacity for adaptation of the mechanisms
responsible for (ﬁc supply, transport and use of oxygen (12).

may be up to 30% higher during muscular
oxertion of the legs “than that of the arms.

falls by 25% after three weeks bed rest.

2
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The use of oxygen by muscle tissue requires previous binding to haemoglobin in
the lungs and transpori in the circulation to the tissue.

II1 - EXCHANGES IN THE LUNG

In disease~free conditions, exchanges within the lung are never a limiting
factor for oxygen consumption or for exertion (28-31-32).

v - CIRCULATORY ADAPTATION TO EXERCISE

The transport of oxygen from lungs to muscle and the removal of metabolites
by the blood stream require the calling into play of cardiovascular adaptations which are
shown in the diagram below (figure 3). The essential features are cardiac output and
arteriovenous oxygen difference.

SYSTOLIC STROKE VOLUME HEART RATE
CARDIAC
GUTPUT
V4
OXYGEN ARTERIOVENOUS
SUPPLY DIFFERENCE
<
PHYSICAL ! USE OF OXYGEN K;:::::: OXYGEN DEBT
FITNESS
FIGURE 3

Cardio~circulatory factors determining oxygen utilisation capacity
(aerobic capacity) after R, HENANE et al (22).




Cardiovascular facters govern transport and distribution of 02 and hence the
V0o, max.
This leads to two basic concepts:

A) To a large extent, it is the cardiovascular system which determines the degrce of
physical fitness. Reduction of the capacity for cardiovascular adaptation to
exercise would inevitably be a 1'miting factor 1in the consumption of oxyqgen.

B) Indirect determination of the VO max,the best index of physical fitness, can be based
satisfactorily only on tests whiCh establish a definite relationship between the VO,
max and cardiovascular parameters. =

We should therefore consider changes of these parametcrs in function of
exercise.

1. CARDIAC OUTPUT

The cerdiac output, Qc is equal to the product of the systolic stroke volume multiplied
by the heart rate per unit time.

Qc = 8V x HR

The resting cardiac output of the healthy adult is between 5 and 7 1/mn.
During exercise it may reach 42 1/mn (14), i.e. 6 to 7 times the resting value.

The increase in cardiac output results from increases in both its components:

- systolic stroke volume
- heart rate

~ Systolic stroke volume (SV)

The systolic stroke volume at rest of the healthy adult is of the order of 60 to 80 «xl.
During exercise it may reach 212 ml (14), i.e. about 3 times its initial value.

It would seem that the rise in SV is not a determining factor for the rise 1in
cardiac output.

The SV depends on the subject's position, being maximal in the dorsal decubitus
position and talls when the suiject is upright.

During exercise, the SV is virtually unchanged in decubitus bhut may rise by up to
40% of 1its initial value in the upright position.

The 1ncrease in VS depends on the extent of energy output, assessed from the VO
max. Up to 40% of VO max., VS 1increases linearly but thercafter (40 - 100%7of
VO2 max )} 1t remains stable {(figure 4).

VS is higher in athletic subjects.

Increased VS may occur by two mechanisms which are in fact associated:

~ diastolic distension, which increases the stroke ejection volume
( diastolic volume)

- increased contractile force ( systolic volume).

The force of systolic ojection is proportional to the diastolic distension of the
myocardial fibre (FRANCK and STARLING's Law),

- ticart rate (HR)

This 1ncreases with exercise and in a guasi~linear manner with oxygen consumption

(1,17) as can be seen from figure 4.

The maximum heart rate (HR max.) is reached with VO, max., which 18 near to
the stage of exhaustion and discontinuation of the exertion (22).
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Changes of systolic stroke volume (SV) and of heart rate (HR) in function of
oxygen consumption (V0,) expressed as the percentage of VO, max. (after ASTRAND and
RODALL (1)). It can %e seen that above 40% of V02, only ghe HR contributes to the rise
in cardiac output. QC = SV x HR.

The maximal heart rate during exercise (HR max) is fairly constant in a

population of any given age. It can in practice be expressed as the equation below (12,
10 ):

It has been shown that an HR of 130 is equivalent to 50% of the VO, max.(17-34)

This is higher in the subject who has undergone training than in the untraineé subject.
(figure 5).

In practice, for any given work W, the HR is lower in trained subjects. This
results from their greater ability to consume oxygen in the muscles, i.e. their greater
physical fitness.

The increase in cardiac output (Qc) with exertion is more closely related to HR
than to SV, which is significantly involved only in effort in the upright position.

Figure 6 (like figure 4) indicates the involvement of SV and HR in the rise of
cardiac output during exercise.




200 }.-_---_-----_ «~ = HR max.

120
. = - -

e @ e == = v = w— == KR 50% V02 max.

]
00 H
- H :
! )
\ '
50 Jd ) » V02 1/mn
. | )
4/ ' ]
X ) - 9 90 VO2 max. x untrained sublect
- i
50 !
]
|
]
50i' » % VO, max. (9 trained subject
FIGURE 5
Changes in the heart rate in function of the VO2 in an untirailned subject ()
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FIGURE 6
Increase 1n the cardiac output (Qc) in funciion of the VO2 after HENANE et al.. .
Cardiac output increases linearly to about 40 1/min V02 and then less
steeply because of the plateauing of the SV (Cf figure 4).
2. ARTERIOVENOUS OXYGEN DIFFERENCE

The transport of oxygenated blood *to the muscles 1s of value only i1f the muscles
are able to extract oxygen from it.

The diffusion of oxygen from the capillaries i1nto the muscle tissue occurs alony
two concentration gradients:
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~ the longitudinal concentration gradient along the length
of the capillaries from the arteriole to the venule;

~ the transverse concentration gradient away from the
capillary across the surrounding tissue.

If the partial pressure of oxygen (PpO,) falls, then diffusion is reduced,.
THEWS has defined a zone of hypo-oxygenation corrésponding to capillary PpO, values too
low to allow diffusion to take place and in which the tissues are consequen%ly no longer
oxygenated (35). This hypo-oxygenated zone is produced if the capillary Pp02 falls to
17 mm Hg.

buring exercise, the blood mass is redistributed into the muscles and extraction
of O, is increased from the muscle capillaries. The venous oxygen is considerably reduced
and gissues near the venous pole of the capillary are in a hypo-oxygenated zone (22).

The concentration of O, in arterial blood is 20ml/120ml and that of venous
blood is 5ml/100ml. The arteriovenous difference is equivalent to the amount of oxygen
extracted by the active tissues.

Very highly trained subjects have a much greater supply of active capillaries in
the muscle (400 capillaries per mm2, i.e. virtually one capillary per fibre) than untrained
subjects.

In the trained subject, the arterio-venous difference during exercise ranges
between 15 and 18 ml of O per 100 ml of blood, whereas in the untrained subject it is
only 6 to 13 ml. This improved extraction of oxyugen by the muscles allows the trained
subject to attain a nigher VO, max . than the untrained individual and for exercise of a
given work output, W to attaifi it with less cardiac work.

TO CONCLUDE

Muscular exertion can occur only by means of increased oxygen consumption VOZ.

This is made possible by the mobilisation of the "circulatory reserve" which
consists of :

- an increase in cardiac output or cardiac reserve
- an increase in the venous extraction, expressed
as the arterio-venous difference (see figure 7).

FIGURE 7
I2 blood (ml/100)
Artery aw20.......42
Rest
15
Vein = -2Zf.- CIRCULATORY
RESERVE

Venous oxygen reserve

Cardiac output (l/m)

Diagram showing the circulatory reserve
after HENANE et al. (22).

The cardiac reserve, assimilated to the cardiac output reserve predominates.
It is more dependent on the increase in the heart rate than on that of the systolic
stro%e volume.

The VOZ max. 1s then largely dependent on the heart's ability to adapt to
exercise.




V- CARDIAC ADAPTATION TO EXERCISE

CARDIAC WORK AND MYOCARDIAL OXYGEN CONSUMPTION (MVO._)
T T T T -

The heart a8 oa muscle with oa specific corsumption of oxygen (MVOZ\ which
INCreases with exercise,
e myocardium, whiach  works containaally, supplies energy during systole
and recsperates onergy during dastole.,
The ma,n tacrors onvaived o omyocardial oxygen consumption (MVOZ) are shown below
1ot iaure B
|
,
SYSTOLTC ARTERIAL VENTRICULAR ‘
PRESSIPE VOLUME
}

INTRA-MYOCARDIAL PRESSURE

T ]

HEART DURATION OF CONTRACTILITY]
RATE EJECTION
- FIGURE 8

The main factors involved in myocardial oxygen consumption (MVOZ)

- heart rate
- intra-myocardial pressure

The intra-myocardial pressure is, itself influenced by two factors '
- the systolic intra-ventricular pressure (in practice determined ;
from the systolic arterial pressure (B.P. )

- the ventricular volume (or, what comes to the same thing in
practice, the ventricular radius).

Other i1mportant factors involved in the MVO2 are:

- the duration of systolic ejection
- the contractility
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In practice, the most important factors are as follows:

- heart rate (HR) and systolic arterial pressure (BP):

- the HR x BP product is a good reflexion of cardiac work and MVO, (20-29) .
(Translator's note : this product is often replaced by ST.T (Sysgolic time
x tension) by British and American authors). This is both the most
reliable criterion and the one most widely used even though it does not
take into account any of the other factors governing the MVOz.

This is true for the subject with coronary artery disease and for the healthy
subject.

For a given patient, an attack of angina generally occurs at the same value of
the HR x BP product. This value directly expresses the maximum myocardial oxygen
consumption | MVO2 max. )

2. CORONARY RESERVE

The concept of circulatory reserve, the supplementary amount of oxygen which
the blood 1s capable of supplying to the tissues, can be applied as already described to
the myocardium ( See figure 7).

The CORONARY RESERVE is equal to the product of the coronary flow multiplied
by the myocardial arterio-venous difference.

- The arterio-venous difference, index of the myocardial extraction of oxygen,
1s very great even in the resting subject. The coronary venous blood contains only 3.9
to 6.9 ml of 0, per 100 ml of blood.

During exercise, the myocardial extraction of oxygen, which is already very high,
increases only very slightly.

- An increase in coronary flow 1is then the only way of increasing myocardial
oxygenation. 1In practice then the coronary flow accounts for the coronary reserve.

VI - CONCLUSIONS

Physical fitness, or the capacity for exercise, is related to the capacity of
the muscles to use oxygen.

Maximal oxygen consumption (V02) or aerobic capacity is therefore the best overall
1index of physical fitness.

This 1s related to the circulatory reserve which in turn involves two essential
factors:

- the transport of oxygen to the muscles is virtually the same as the
cardiac output;

- the capacity of the muscle to extract oxygen from the blood, as
indicated by the arteriovenous difference. Training pramotes this
extraction by developing the capillary network of the muscles.

The increase in cardiac output, or cardiac reserve, is more closely related to
the increase in the heart rate rather than that in systolic stroke volume,

There is a maximal heart rate given by the equation 220 - the age (in years)
which corresponds to the V02 max.

The rise in cardiac output increases the cardiac work and oxygen consumption.
These can conveniently be assessed by an indirect and rather rough method from the product:

- Heart rate x systolic arterial pressure.

Increase in cardiac work is made possible only if the supply of O, to the
myocardium is sufficient. The potential for increased myocardial oxygengtion is
dependent on the coronary reserve which, in practice, is related to increased coronary
flow, since O2 extraction by the myocardium is very high even at rest.

On this basis, two types of exercise-test have been devised involving the
determination of cardiovascular parameters.

1. Exercise tests suitable for the assessment of physical fitness and
in monitoring trainees.

2. Exercise tests for diagnostic purposes, intended to detect or evaluate
disease conditions, particularly coronary failure.




PaRT TWO

INDICATIONS AND CONTRAINDIUVATIONS FOR ENERCISE TESTS

I - INDICATIONS

These correspond to three aims:

- investigatory screening in hiah o risk subocects with no clinical

symptoms

- a feature of diagnosis in the examination of a condition, especially
of coronary artery discase

- a feature 1n the asscssment of the functional conditions of a patient
or of a normal subject or athlete.

1. THE CORONARY ARTERY DISEASE PATIENT

This 1ndication, whicihh for a long time was the only interest of tcams
carrying out exercise tests, remains the major indication at the present time,

Exercise tests occur at various ftimes during the coronary artery discasc:

~ at the time of diagnosis, in the face of a typical or atypical
painful syndrome and in the absence of any progressive phase,
the EECG 1s a key test. It may also be carried out in some subjects
presenting a high risk factor and with a particularly dangerous
professional post;

- during convalescence after myocardial infarction, the EECG 1s part of the
rehabilitation of the coronary artery disease patient leading to
a progressive increase in physical capacity, greater functional
tolerance and also in adaptation of treatment;

- after the placing of a shunt, the EECG gives a valuable indication

of the functioning of the graft. llocwever a negative test result
does not necessarily establish its permeability.

2. OTHER INDICATIONS IN DISEASE CONDITIONS

Some minor cardiopathic conditions may also be tested in order to situate
the level of tolerance. This is carried out currently in the case of valvulopathies,
even of the aorta, which had long been considered as contraindications. For many
authors the EECG is an important factor when deciding whether to operate in congenital
aortic stenosis. The test can also be used to assess the tolerance of intra-cardiac
shunts and primitive myocardiopathies whether obstructive or otherwise.

Hypertension is a recent field for the application of EECG with
many possibilities.

In a diagnostic perspective, they can be used to differentiate between
labile hypertensive subjects and subjects with normal blood pressure on the one hand
and those with permarent hypertension on the other. EECG can also be valuable in
pharmacological discussion in order to differentiate the mode of action of the various
drugs and to establish their efficacy in unusual conditions.

These tests have also proved valuable in the investigation of arrhythmias
since they have been shown to trigger episodes of arrhythmias.

Depending on the type of excitability abnormality, t'e disorder may be
increased or may disappear making possible some assessment of severity and of
risk.

In particular, in the coronary artery disease patient, the frequency at
which extrasystoles are detected is particularly high.

The EECG is a complementary means which could render the test
dangerous.

Therefore patients presenting any of the signs listed below should be
excluded from such tests:




- progressive coronary artery disorder whether unstable angina or recent
m;ocarcdial infarction (the threshold generally selected being three weeks
with no complications);

- decompensated cardiac failure of whatever cause;

- a severe obstacle on the left sice;

- severe disorders of excitability or conduction (high level block);

- severe rhythmic hypertension;

- pulmonary artery hypertension

The criterion of age is no longer considered an absolute contraindication.

In fact all these pathological circumstances constitute non-indications for
this type of test which is intended for patients

- having the same diagnosis
-~ and whose poor functional tolerance is evident to the attentive observer.

The only debatable point is that of arrhythmias, and in particular of ventricular
extrasystoles where early reactions to the test can be used to decide whether to
continue with the test or not.

There remains the question of poor indications related to difficulties of
assessment of changes of repolarisation, whether because of abnormal left bundle branch

depolarization block or pre-excitation syndrome in particular, or whether due to certain
forms of medication; digitalis glycosides, amiodorone...

PART THREE

BASIC TECHNIQUES OF THE EXERCISE ECG

~ INTRODUCTION
There are two types of exercise test which correspond to two different aims:

1) EXERCISE TESTS INTENDED TO DETERMINE PHYSICAL FITNESS

These are used particularly amongst athletes but may also be of value i1n a
military setting: parachutists, combat swimmers, cormandos and a.l combattant personnel,

These tests are based on the determinaticn of the oxygen consumption: VOZ.

The direct determination of oxygen consumption is difficult to perform and so
it is often assessed from determinations of the heart rate HR.

One of the tests frequently proposed (12) consists 1n having the subject
perform for a period of six minutes a sub-maximal exertion of work output W. From the
HR the work output and by using diagrams of the ASTRAND-RYHMING type (2}, 1t 1is possible
to determine the VO2 max., which is higher the more successful the subject'straining.

In these tests the ECG recording is primarily intended to give an accurate and
direct determination of the HR.

2) EFFORT TESTS FOR DIAGNOSTIC PURPOSES

The purpose of these tests is essentially to detect pathological states and if
possible to attempt to quantify them. The major diagnosis is that of ‘cronary failure.

In this type of test, an attempt 15 made to determine the maximal exertion
corresponding to the VOZ max.

3
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In practice, the subject tested must reach an HR = 220 ~ age.

We will consider only this type of test.

1 - INVESTIGATION OF THE ELECTRICAL ACTIVITY OF THE HEART

1. Problems

- The electrical activity of the heart is investigated during the ECG at rest
by means of electrodes sited at standard points.

The periyheral electrodes on the limbs may be placed at any point on “he limbs.
However the precordial electrodes are placed at accurately defined sites {(figurc ©).

FIGURE 9
Siting of precordial electrodes
VI - Edge of right sternum -~ 4th right intercostal space
V2 - Left edge of sternum ~ 4th left intercostal space
V3 - In the centre of the line V2 - V4
V4 - Fifth intercostal space on the medio~clavicular line
V5 - Intersectiorn of the anterior axillary line and the horizontal
line through v4
V6 - Intersection of the median axillary line and the horizcental

line through V4.




37

- The determination 1s difficult not only because of the problems of siting
the electrodes but also because of parasite activity. Parasiting of the ECG arises from
two main causes:

. parasiting of the ECG recording by an electrical current (50 cycles).

This is due to poor isclation of the subject and the instrument
(figure 10)
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FIGURE 10
ECG parasiting by an electrical current

. parasiting by the myogram due to poor muscular relaxation because of cold,
the psychological stress of the examination, etc... {(figure 11)

- A third source of difficulty is the need for very close contact between the
skin and the electrode. Poor skin-electrode contact is often responsible for an unstable
base line (figure 12).

puring exercise ECG, these three types of problems are increased:

. the subject tested is standing and not lying down;
. because the subject is moving and not stationary
. because the condition of the skin changes and sweat may be produced

The placing of the electrodes requires very great care if a meaningful recording
is to be obtained.
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2. Siting of the electrodes

The exercise is to involve movement and the contraction of the muscle masses. The peripheral
electrodes cannot therefore remain in their usual place at the end of the limbs.

They must be sited where :

- they will undergo little or no movement
- they w1ll not be in contact with the muscle masses

The electrodes on the legs are therefore placed on the sacro-iliac joints or on
the anterior-superior spinous processes of the ilium.

The arm electrodes are placed on the acromions, above the shoulder joint, or
failing this behind on each side of the cervicodorsal vertebral junction.

- Precordial _electrodes
If all leads are to be recorded, the precordial electrodes are placed in their wusual
position for the resting ECG.

- Bipolar thoracic electrodes
In view of the problems of recording, an attempt has been made to simplify it by reducing
the number of electrodes. For this purpose, various systems of bipolar thoracic electrodes
have been sugqgested:

V5 - V5 R

v4 - V4 R

V4 R - V2

vé - V1

Vé - Pescador lead

But the most commonly used assembly is that of the bipolar thoracic electrodes
CM 5 = manubrium - V5,

It 1s made up of the following electrodes:

-~ peripheral right arm electrode, placed on the sternal manubrium

- peripheral left arm electrode at V5

- peripheral right leg electrode placed on the epigastrium.

The electrocardiograph is placed on D1 during recording

The precordial leads are of special importence during recording of the exercise
ECG. However the peripheral leads cannot be dispensed with, especially those which explore
the inferior surface of the heart.

3. The electrodes

Traditional electrodes require particularly careful application and attachment
to ensure satisfactory contact with the skin during exercise,

Currently, silver-silver chloride electrodes are used, 1 cm in diameter.
Adherence to the skin is obtained by a self-adhesive disc on both sides.

4. Attachment of the electrodes to the skin

The contact between the electrode and the skin should be as close and stable
as possible. This is difficult in the case of the precordial electrodes because of the
breathing movements which are very considerable after exercise, and sometimes because of
sweat .

In order to overcome these difficulties the skin must be carefully prepared.
The skin should be shaved if the hair growth requires it. Any surface grease should then
carefully be removed and if necessary the skin scowered. To do this the authors use an
abrasive compress soaked in ether. The integument is rubbed vigorously virtually until
abrasion of the epidermis, i.e. until fine drops of serum appear.

Modern electrodes and a thin layer of paste provide very good contact. In
order to ensure the stability of the electrodes a sticking plaster can be placed over them
or they can be held in place by a wide elastic band (see figure 13).
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Ergometric bicycle. Note the MSD electrode
sited over the acromion and the attachment
of the electrodes.

5. The cables

The cables linking the precordial electrodes to the various recording systems
may he subjected to pulling and swaying movements during the exercise which may effect
the recording.

These movements should be minimised during exercise. In order to do this they
should all be attached together. They can also be attached to the thorax at a distence
of 10 to 15 cm from the electrode.

6. Recording of cardiovascular parameters

- The_elegtrocardiogram
The ECG is monitored continuously on the screen. It is also recorded on a chart

at the normal flow chart rate of 25 mm/sec. The frequence and duration of these recordings

varies from author to author. The present authors generally record 10 to 15 seconds from

peripheral and precordial leads every minute on a 6-channel recorder. A multi-channel

{3 or 6 channels ) recorder is strongly recommended.

The ECG should be recorded at rest, just before exercise, doing exercise and during a 10-

minute period following exercise. Abnormal reactions may develop after exercise.

. Blood pressure

The systolic blood pressure is determined about every two minutes using the
auscultary method (figqure 14).

The systolic pressure is noted at the first audible sound.

The diastolic pressure is more difficult to assess particularly after maximum
exercise.
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FIGURE 14
Ergometric bicycle and ECG recorder with monitoring screen above

I1 - FORMS OF EXERCISE

EXERCISE WITH A CONSTANT LOAD AND EXERCISE WITH AN INCREASING LOAD

1) Exercise with _constant lcad_or_rectangular_test

In this type of test the subject immediately reaches the work output required
and maintains this load throughout the test until stopping suddenly at the end.

This type of test is particularly suitable for routine use at submaximal effort
for the determination of physical fitness.

2) Exercise vith _rising_ load or trianguler _.est

——————————————————— o e i m R, a e ———-———
This is the method used by clinicians in diagnostic tests. It consists of
reaching maximum exertion, corresponding to VOZ max. by a series of progressive stages.

Three exercise methods have been used:

a) The MASTER two-step test

The exercise in this test, which is no longer used but which was long considered
a reference test,consists of going up and down a set of steps with three rungs (figure 15).

[ 28em
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FIGURE 15
Diagram of the Master-step-test steps




The stepping rhythm is fixed by a metronome. The minimum number of steps to
be climbed is a function of weight and of age.

The test lasts between l% and 3 minutes.
The test is cheap and easy to perform.

However, it is a rectangular test and it is impossible to record the BP during
the exercise and difficult to record the ECG.

b) Ergometric bicycle (figures 13 and_14)

This is now the most commonly used method.

1. Principle

The exercise performed by the subject consists in pedalling a bicycle in oppositicn to an
adjustable brake system. The exercise performed depends on the degree of braking and the
number of pedal cycles performed during unit time.

In most of the bicycles the number of cycles is set (60 per minute). The work
output 1s 1ncreased by raising the resistance of the brake. This obliges the subject
tested to follow a constant pedalling rhythm and this is a handicap towards the end of the )
exercise.

There are two types of brake.

Mechanical brake. This is the simplest brake and consists of an adjustable
belt, which opposes the rotation of a wheel driven by the pedalling.

This brake has some technical drawbacks:

. as the belt warms up, it stretches and the actual load of the
brake falls;

. the instrument undergoes oscillating movements at very high
. exertions and is not reliable for maximal tests.

Electro-magnetic brake. This system is both simpler and more complex.

It requires more complex callibration which must be checked regularly. Depending

on the type of instrument, the pedalling rate may be fixed (about 60 rpm) or variable. )
2. Advantages K

The ergometric bicycle has many advantages:

. solidity, reliability, simple maintenance, not cumbersome,
simplicity of the test, which does not require practice and
s0 gives good reproducibility;

. the system of signal capture: the electrodes are connected to
a box on the handlebar by a relatively short length of cable.

1 3. Drawbacks
These are mainly related to t: 2 muscle masses called into play.

The test has been criticised because it involves only the muscle masses of the
legs, which is an artificial form of exercise as compared with that of the treadmill.
It should be pointed out that the muscle masses of the legs are those most likely to
produce VO2 max. which is usually the aim of the test.

However, untrained subjects may be incapable of attaining a theoretical maximum
HR equivalent to VO max. because they are forced to discontinue the test because of
cramp or muscular failure of the legs.

At high levels of exertion, when muscle fatigue sets in in the legs, the subjects
tested strain against the handlebars with their arm, shoulder and pectoral ruvzcles. The
contraction of these muscles parasites the recording.

position
- ‘yorkload

This can be counteracted by adjusting the saddle height, the si1"7
and also by the progressive increase of the exercise level so that as muc. o
as possible falls on the legs.

c) The treadmill

In this test, all the movements involved in walking on a treadrill covr:itute
the muscular work.

{
1
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Two parameters can be adjusted to increase the workload:
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- an increase of the slope of the treadmill, the subject climbs a slope.

- an increase of the speed of the treadmill, this amounts to increased
walking speed.

This method is useful for the direct determination of the VO2 max., but is less

widely used in clinical practice than the ergometric bicycle.

111 -

PRACTICAL FEATURES OF THE EXERCISE ECG

The method has the following drawbacks:

- higher cost, more complex maintenance and more cumbersome apparatus
- more difficult to use, the subject has to have a little practice
- the impossibility of determining the work output directly

- the involvement of all muscle masses, especially towards the end of
the exercise,makes ECG recording difficult.

We will consider the exercise tests most widely used in clinical practice, the

triangular test on the ergometric bicycle.

1.

Preparation and condition of the subject

- The subject to be tested should be fasting and have abstained from smoking
for two hours.

- The subject should have emptied the bladder before the test.

- The temperature and humidity in the examining room should be suitable
for exercise. The room should be aired between tests.

The temperature should not be too high, so as to minimize sweating and
slipping of the electrodes. However, too cold a room may produce shivering
and muscular parasiting at the beginning of the test.

- The test can theoretically be performed in two positions, either lying
or sitting

. The dorsal decubitus position has some theoretical advantages:

. better immobilisation of the thorax and shoulders and
hence better attachment of the electrodes '

. a physiological advantage, since the systolic stroke volume 4
is maximal when the subject is lying down

. however, maximal exertion is more difficult to attain in i
this unnatural position.

. The seated position is more natural in that it is closer to the usual
conditions of exercise and it permits greater work output. Vi

In practice the seated position is used.

The height of the saddle must be carefully adjusted. The subject must be
correctly seated when pedalling so that the pelvic girdle remains stable and the
effort is spread over the whole leg.

To achieve this we recommend a rather low position of the saddle which permits
full extension of the leg without hip movement. The feet should be held in
place on the pedals.

The subject should be instructed to pedal with the shoulders low down, without
contraction of the muscles of the shoulder girdle or straining of the arms.

It is important to encourage the subject and to explain the test procedure
fully.

The work load o

The subject tested should reach an exercise level equivalent to VO, max. This
is assessed from the maximal theoretical heart rate (MTR) calculatéd from the
formula 220 - age in years (Cf. physiological bases).

- The initial level of exercise varies from subject to subject depending on the
clinical background.

- For an elderly patient complaining of chest pain, the 1initial workload
should he low, less than 50 watts.

-~ For a young, asymptomatic and trained subject the initial workload can
be over 100 watts.
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- The workload 1s progressively increased by steps, two parameters of
which can be acjusted:

. the 1ncrease in workload to the next level (in watts)
. the duration at each level (in minutes).

“ost authors increase the workload by 30 watts every three minutes {(WHO
recomnendations).

The authors prefer an increase of 20 watts every two minutes. In this case the
increase in work is much nearer to linear and better tolerated. This is
particularly true at the end of the test when an excessive rise of 40 or even
30 watts may result in a sudden discontinuation of the test before the MTR is
reached.

Performed in this way, the test does not take any longer to carry out.
In general, what matters is to avoid increasing the workload before the heart

rate has stabilised. With increases of 20 watts, thce HR generally rises over
the first minute and stabilises during the next minute.

DISCONTINUATION OF THE EXERCISE

Modalities

When the patient abruptly discontinues maximal exercise, he/she may sometimes
present the following signs : palor, sweating, sudden bradycardia (80-60)

sudden fall of the BP by 60 - 100 mm Hg, and in particular lipothymia which obliges
the subject to lie down.

These symptoms are interpreted as reflecting vagal rebound after exercise and

can be prevented by asking the patient to continue pedalling for a minute or two
during which time the brake load is rapidly released.

However, if the resistance of the cardiovascular system to exercise 1s to be
assessed, 1t may be helpful to end the exercise abruptly.

Criteria
The end of the exercise may have several causes,

2.1 The test may be cormnleted if the MTR (220 - age) has been rcached.

2.2 Discontinuation may be due to muscle failure of the legs or to exhaustion
without reaching the MTR

2.3 The onset of chest pain. Only typical angina or an atypical episode
accompanied by ECG signs of coronary failure should lead to discontinuation
of the exercise.

2.4 Abnormal blood pressure parameters:
The systolic blood pressure recaches about 200 + 20 mm/iig

. An excessive rise in BP is a criterion for discontinuation. rhe threshold
which should not be exceeded depends on the age and cesdicvascular history
of the patient.

. For a subject of less than 40 years of age with no past history of
cardiovascular problems, the BP can be allowed to rise to 300 mm.ilg.
In practice we rarely exceed a value of 260 mm.Hg

. In contrast, a fall in BP after an 1initial rise, should lead to the
suspicion of sudden haemodynamic failure and should lead to discont-
inuation of the test.

. An absence of any rise in pressure at the beginning of the test should
lead to great caution.

2.5 Discontinuation because of severe dyspnoea which is disproportionate with
the exercise or because of functional disorders: lipothymia, sweating,
palor, etc...

2.6 Arrhythmias

- The onset of proxysmal arrhythmias {(whether atrial or ventricular}, should
result in discontinuation of the test.

- Atrial extrasystoles are usually corpatible with continuation of the
exercise.

- Only ventricular extrasystoles (VES) cause a problem., Polymorphic VES,
those variously coupled or those coupled but with a risk of R/T
phenomenon should lead to discontinuation of the test.
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- Salvos: doublets, triplets, etc... are an absolute cause of discontinuation.

- The VES threshold is debatable. Some authors suggest discontinuing the
tests if the level of VES reaches 10%. 1In practice, we ourselves have
fairly frequently registered much higher levels at the beginning of the test,
with the VES incidence falling and even disappearing as the heart rate rises.
Any regular rise in the number of VES with increasing exercise should lead
to discontinuation of the test.

- For VES as for BP, the clinical background must be taken into account.
- This is also true of bi-geminy and tri-geminy which we do not consider
absolute criteria for discontinuation.

Conduction disorders

- Atrioventricular block of any degree should result in discontinuation.

- Right bundle branch block should not lead to interruption unless there is
pre-existent left hemiblock.

- Left bundle branch block is not theoretically a criterion for interruption,
but should give rise to caution. !

2.8 Primary repolarisation disturbances

- Abnormalities of the T wave. It is usual to register large T waves during
exercise.

- The appearance of an isolated inversion, particularly if it occurs early on,
should not lead to discontinuing the test. It may be related to hyper-
ventilation. This may be confirmed by carrying out a resting ECG during
hyper-ventilation (figure 16).

- ST-segment abnormalities. Upward or downward shifts of the ST segment
are signs of coronary failure. They result in interruption of exercise
(Cf. Part V: coronary failure).

e

P e g S e T

VA

~ A Tt 2
e
A2
oo N 4 '
P A :/ L % . 4~ FIGURE 16
3 : : R e PAZ - helicopter
%}V\Ws s ;‘/\-—\,\JrL pilot
s ¢ { i T ’ o ;! 38 years
. § e B
i o s . On the left EECG
-A\.,Aa,.‘aitﬂ__. A, prar .
. . . . : “‘\7‘“4. V7 On the right:
CaN e e , ! } i ;¥4 Hyperventilation
Voo, ' N : : Test
: i i ] - . . . .
. 1 . * - . v -
T \,,./"-: ."r_‘ ."'lr.._ - e S "’". ) L ) Vs
L1
! ! ! ‘
Y N L




PART IV

THE NORMAL EXERCISE ELECTROCARDIOGRAM
(EECG)

Exercise produces modifications of the ECG recording even in the absence of any
disease factor.

1 -~ MCDIFICATIONS OF THE ECG DURING EXERCISE

It is essential that these modifications be understood if the EECG is to be
interpreted correctly. They include the following:

1° Sinus tachycardia which increases reqularly and in proportion to the exercise.

2° An 1ncrease in the P amplitude, particularly on DII - DIII. However the P wave
does not exceed 3 mm.

3° A shortening of the PR interval, which is generally in function of tachycardia
and slight (0.0l ~ 0.02 s). If there is an initial functional lengtherning of the
PR interval of vagal origin, it shortens and becomes normal as soon as exercise begins.

4° Sloping of PQ and lowering of J (figure 17). This is onpe of the most usual
changes in the ECG and 1is due to an increase of the negative BP atrial repolaris-
ation, which normally passes unnoticed, masked by the QRS complex (25).
J may be depressed by 1 to 2 mm or even more. This depression is partly conditian-
ned by instability of the isocelectric line. The depression of J in isolation 1is
therefore a physiological phenomenon which produces the junctional pattern.

/‘<

FIGURE 17

EECG Modifications (healthy
subject)
Functional aspect.

5° Various changes of the T wave may occur. The amplitude of the wave usually
decreases (2/3 of cases) but may increase (1/3 of cases). The T wave changes
in function of exercise and of oxygen consumption, but also of other
parameters such as hyperventilation (figure 16).

6° Various changes are also possible in the U wave. However the wave should not
be inverted. 1In high fregquency tachycardia, the T, U and P waves are telescoped
\ and become very difficult to distinguish or interpret.
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I1 - DETERMINATION OF THE ISOEN.ECTRIC LINE

Much of the analysis and interpretation of the EECG is based on assessment of the
shi1ft of the ST segment relative to the 1soelectric line. The extent and duration of
such shifts are more readily determined the better the recording and in particular the
better the 1scelectric line.

At the end of the test, when maximal exertion is reached, the isoelectric line
may become unstable and waver. This results in artificial shift of J and of ST which make
the recording uninterpretable. A depressed phase in the isoelectric line tends to
exaggerate any downward shift, whereas an elevated phase tends to reduce or obliterate 1t.

In practice, 1n order to assess the recording correctly, we look for a series
of at least three complexes aligned on the isoelectric line and we interpret the central
compiex. The 1soelectric line 15 then defined by the straight line passing through the

points I at the beginning of the QRS complexes (figure 17}, To avoid being hindered by
fluctuations 1n the recording, EPESCHKIN suggested measuring the shifts of ST relative to
the straight line prolonging the PQ segment (figure 17). 1In practice this 1s not always
easy, particularly when the test becomes maximal. Some instruments are able to evaluate
the slepe of the ST segments and this 1s a big step forward (Cf. Part V-1-3).

IT1 - QX AND QT INTEPVALS )

Two 1ntervals are freguently defined and used in the EECG.

- X Interval
This begins at the beginning of the Q@ wave (Point 1) and ends at the intersection

between the 1soelectric line and the ECG record, when this crosses it as it rises
after point J (figure 17).

- QT Interval

This begins at the beginning of the Q wave (point J) and ends at the end of the T
wave or of 1its projection when this 1s merged with T (figure 17)

In the healthy subject QT/QX 1s greater than 1, i.e., QX is less than XT.

PART V

THE EXERCISE ELECTROCARDIOGRAM (EECG) IN CORONARY FAILURE .4‘

In the normal physiological state there is a balance between the myocardial
consumption of oxygen (MVO2 ) and the coronary flow.

If this balance is destroyed because the coronary supply of oxygen is insufficient
myocardial ischaemia appears.

The EECG attempts to provoke and demonstrate this phenomenon.

A reduction of 50% in the diameter of the coronary artery lumen is thought to
be necessary for its occurrence.

- Myocardial ischaemia has four conseqguences:

- metabolic consequence - release of lactates

- ECG consequence - ST segment shift

- haemodynamic consequence - modified ventricular function
- clinical consequence - onset of angina pain

The highest intra-myocardial systolic pressure occurs at the sub-endocardial
region. It is therefore this region which 1is the first to suffer if hypoxia occurs.
This sub-endocardial stress is reflected in the ECG by a downward shift of the ST segment.
This downward shift of the ST segment is therefore the most characteristic &nd general
ECG sign of coronary failure.

In some cases, an upward shift of ST may occur which is interpreted as a sign of
transmural myocardial stress which is more serious.

The ECG modifications precede the onset of pain. ?
#
. . J '
Before describing EECG changes seen during coronary failure we should make a .
preliminary remark.
The diagnostic value of the exercise ECG was established on the basis of coronary -
angiography. Lo i
K - \
-—e s
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However coronary angiography has 1ts own limits and errors. Furthermore since
most of the EECG-coronary anglography correlations were performed, the concept of coronary
artery spasm, intermittent functional stenoses, have been developed and these can be
detected only by pharmacodynamic tests.

This amounts to saying that the EECG has limited value as a diagnostic tool
for coronary failure.

I - MODIFICATIONS OF THE EECG IN CORONARY FAILURE

1. L Lo ry sl of orb
Ischaemic aspect (fiqure 18)
This 1s considered the most important aspect of coronary failure.
It 1s characterised by the following features:
- a depression of at least 1 mm of point J

- a downward shift of the T seament, also of at least 1 mm, the segment being
hovizontal or slightly downward sloping towards the right for at least 0.08 m,

- a jaagaged  STLT functien forming a clear angle

- a delayed return to the 1soelectric line with QS greater than XT.
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VAL 51 years - typical severe angina. Ischaemic pattern.
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- Variant pattern (figure 19)

This is very similar to the previous pattern. The criteria are the
same. In addition, the ST segment is clearly descending and presents an
upward convexity. This is also highly significative of coronary failure.
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FIGURE 19

DANT 40 years - Angina
Variant pattern

2. Elevation of ST (figure 20)

This pattern is defined by an elevation of point J by at least 1 mm, followed
by an elevated ST segment which may be horizontal or have an upward convexity. The
diagnostic value of such a pattern is great but it is rarely encountered.

- during exercise in subjects with an ECG also presenting a necrotic
Q wave, the presence of an elevated ST often reflects ventricular
dyskinesiaj;

- depression of ST can also be detected during angina despite healthy coronary
arteries, which is similar to the ECG pattern of Prinzmetal angina, but
which develops during exercise.

With the exception of the elevation of the ST, only the ischaemic (or
variant) type of ST elevation is an EECG abnormality signifying coronary artery abnormality
detectable by coronary angiography. However other EECG modifications lead to the
suspicion if not certainty of such coronary artery disease. These are modifications of
the QRS complex, the T wave or the U wave (6).
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FIGURE 20
LAL - Effort angina
- Elevation of the ST segment on discontinuation
of exercise
-~ Normal coronary angiography

Transitory necrotic appearance

During an EECG a Q wave suggestive of necrosis may occur which disappears
rapi1dly when exercise ceases.

Such a phenomenon has not yet been fully explained. Its significance remains
unclear (figure 21).

S Modifications of T
Inversion of the T wave in isolation does not imply coronary disease.

However MASTERS (27) after many years of experience has some rescrves
concerning T modifications.

He would consider the isolated inversion of the T wave of at least 1.5 mm
suspilcious 1If the T wave was already initially positive (or negative) to at least 1.5 mm.

Currently any clear inversions of the T wave Or major increases in its
amplitude remain suspiclous but not positively diagnostic.

4. U wave modifications

More significance is given to the inversion of a U wave (15). Some authors
also insist on its rest ration by means of nitroglycerine (6).

In practice, at the degrec of tachycardia where such modifications of EECG
generally occur, 1t 1s fairly difficult to identify the U wave correctly.

IT - THE DUAGNOSTIC VALUE OF THE EECG IN CORONARY FAILURE

Afier carrying out an EECG in order to diagnose possible coronary faillure, the
test s generally assessed as either positive or negative, This simply implics that
criteria considered to signify the presence of lesions detectable by coronary angio-
qraphy has been detected on the EECG.
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FIGURE 21

DEN, 36 years - Angina
Left: before exercise Right: after exercise
0 wave on posterior leads.

Comparison of the EECG -~ coronary angiography have demonstrated that false
positive EECGs do exist, i.e. which present ECG criteria of coronary artery disease even
though the angiography 1s normal. False negative EECG also exist where the coronary

angiography shows abnormality.

The frequency of such false findings depends above all on the severity of the
FCG criteria selected.

It also depends on the clinical and epidemiological background of the subject.

We will therefore consider the various parameters to be taken into account
In EECG even though we are aware that this test cannct give certainiy as to the presence
or ahbsence of coronary artery lesions but simply an indication of a probability which in
some cases may abproach 100%

1. Intensity of exertion

Only maximal tests can be taken into consideration, i.e. those in which
the subject under te:?’ attains about 100% of the maximum theoretical rate (MTR). The
risk of false negative findings rise’ as this percentage falls.

s
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In practice the only test to have any significance 1s one in which the heart
rate reaches 90 to 100% of the MTR , Below 85% a negative test is devoid of significance.

The criterlia of a positive test may obviously appear below the MTR.

However the appearance of a depressed ST in an asymptomatic subject (no chest
pain) undergoing an expert clinical examination should not result in discontinuation of
the test unless the depression becomes considerable (above 3mm).

We have seen apparently significant depressions disappear at the end of the
test as the MTR was reached. In such cases the coronary angiography was normal
(figure 22).

In the authors' experience, the onset of chest pain in the absence of ECG
modifications does not preclude continuing the tests.
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FIGURE 22
GAR, 41 years, pilot - EECG

~ Left hand side: significant ST depression between V4 and V6

HR = 155
- Right hand side: non significant functional pattern
HR = 180

Normal coronary angiography

2. Detection of t'.e signal

4“

EECG reliability increases the better the cardiac activity is detected. The selection
of leads is therefore important. BLACKBURN et al (4) have established that all {
modifications of ST and T which appear during exercise can be detected in 6 of the 12

standard leads.




These leads are as follows: DI - DII - VF - V4 - V5 ~ V6,

These authors have also established the percentage of positive findings in
function of the leads selected (figure 23},

LEADS PERCENTAGE OF POSITIVE
RESULTS
VS .o i Ceresaerenenanans ceraes...89%
V6 caee. st aes e 28
V4 + V5 + V6 ,...... - k1
V3 4+ V4 + V5 4+ V6 Li.iviieeeronnnnns Ceeaen .94%
DII + V3 + V4 4+ V5 4 Vb civerennasnnaans ... 96%
DIT + a VF + V3 + V4 + V5 + V6 ..... eees...100%
FIGURE 23

Exercise ECG sensitivity in function
of the leads selected (after BLACKBURN)

The CM 5 lead was the most sensitive to ST depression but gave 4% of false
positives,

BLACKBURN (4) recorded modified ST on D2 - D3 - VF in 30% of subjects presenting
an ischaemic type response to exercise. In 7% of these cases,the ST modifications were
localised in the posterior peripheral leads.

3. Severity of the electrocardiographic criteria - The problem of "intermediate"
patterns

Depending on the threshold fixed for the electrocardiographic criteria of
coronary failure, they will be more or less false negatives or false positives.

If these criteria are very rigorous, {(e.g. an ST depression equal to at least
3mm ) there will be virtually no false positive but one runs the risk of false negatives.

If on the other hand the criteria for a positive test are less severe (e.g. an
ST depression of 0.5 mm) there will be many more false positives.

There is general agreement to fix the criterion for a positive test as_an ST
depression of at least 1 mm lasting for at least 0.08 sec.

However, the appearance of the ST segment is not defined in this criterion
particularly whether it is horizontal, ascending or descending. This results in some
statistical disagreements on the diagnostic value of the EECG.

The significance of the T segment is discussed on the basis of some functional
aspects.,

The funct.~nal pattern is characterised by a depression of point J of at least
1 mm followed by a rising 3T segment (figure 24). This may be difficult to interpret
because this description in fact covers various patterns.

Point J can be followed by an ST segment which rises steeply immediately,
the junction with the T wave occurs with no angulation, the QX segment is short, with
QX less than QT. This would be a physiological pattern frequently recorded during
exercise (figures 17 and 24).

Point J may be followed by a more rigid ST segment which rises more slowly.
The ST-T junction is angular and the QX segment longer, with QX greater than XT.

A pattern of this type may correspond with normal coronary angiogranh images
(figure 25), or with significant atheroma coronary artery stenoses (figure 26).

As early as 1928 KASSEBAUM et al. (24) drew attention to the difficulty of
interpreting these patterns.

In a group of 39 subjects presenting clearly pathological coronary angiographs,
these authors obtained “"functional" type ECG recordings in 14 cases.
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STI, 36 years, fighter
pilot
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In another group of 28 subjects presenting normal coronary angiograph, the
same functional pattern was detected in one case out of two.

The authors also raised the question of false positive and false negative tests,
but it remains true that the term "functional pattern” is sometimes used to describe
clearly differing ECG recordings.

MASTER {27) had already described a "near ischemic J depression type" pattern
which also stresses the variety of recordings which are in fact classified as functional.
He stressed the negative significance of the straightness and lengthening of the ST segment.

It is certain that the assessment of such recordings does affect the value of the
method and the number of false positives or false negatives.

The interpretation of these “"intermediate" patterns can be improved by an
investigation of the slope of ST. For this purpose some recorders are equipped with an
automatic graph analysis system not only of the ST shift but also of the slope.

The ST slope provides a more detailed analysis of the ECG reccrding particularly
if the base line is not isoelectric. Changes in the ST slope appear to have greater
significance in the diagnosis of coronary failure than ST shifts (23}).

In usual practice as well as the numerical criteria :

- Depression of 1 mm

- Duration of 0.08 s,,

the form of the ST segment, whether it is horizontal or descending, whether
it is rigid or lengthened are also of importance in its interpretation.




4. Time sequence

ST modifications (depression) may be detected either only during exercise,
or eclse during exercise and during the first few minutes of rest following exercise
or clse only after the end of exercise.

Usually the ST depression occurs during exercise.

The prolongation of ST depression after the discontinuation of exercise,
but which had occurred during exercise, 1s generally accepted as an additional criterion
for a positive test, and may be a usefnl criterion in the assessment of the severity of
the discase.

ST modifications occumng after the exercise are more controversial.
This pattern 1s related to a clearly abnormal coronary arteriograph.

In 1967, MASON et al (26) 1in a group of 56 coronary artery disease patients,
present 1y typrcal angrna, and pathological coronary angiograph, detected significant
depression of ST (in excess of | mm) at the time indicated below:

- Positive EECG during exercise only ..... . ci.s...6 cases
- Positive EECG after exercise only .....ceevsuss...23 cases
- pPositive EECG both during and after exercise ...... 27 cases

1f the EECG became positive after exercise, the depression tended to appear about
two minutes after halting the test and not immediately.

However any modification of the ECG occurring more than 4 Minutes after the
end of exercise would seem to be without significance.

Many authors haves stressed the greater specificity of ST depression after
exercise. For BLACKBURN in particular the post-exercise pattern is more significant than
that determined during the exercise,

However some authors including CHAING(9), and GUTMAN (21) have reported the
onset of ST depression of at least 1mm after exercise in 7% of normal subjects. It should
be pointed out that this was in treadmill tests restricted to two millimeters in 1 group
(21) and monitored by angiograph.

SERRA~DIMIGNI (33) and BELET (3) found an abnormal response only during
exercise.

1.'" SUMMARY
The best EECG criteria of coronary failure are as follows:
- maximal exercise test (HR = 220 - age)

- recording on at least 6 leads (DI - DII - VF - V4 - V5 - V6)

- depression of ST by greater than or equal to 1 mm, for at least
0.08 s.

. on condition that ST is either horizontal or desceniing
. the ST.T junction has a definite bend
. QX is greater than 0.5 - (QX greater than QT)
QT
- continued depression after discontinuation of exercise

The elevated ST is also a highly positive indication.

5. Epidemiological and statistical importance of the EECG

The diagnostic significance of the EECG for coronary failure depends on the
population considered. This fact must be borre in mind when interpreting results.

A test yielding positive findings suggestive of coronary failure establishes
only the probability of significant coronary artery lesions. The level of probability
established varies widely from population to population.

It may be helpful to give some definitions:

- Sensitivity

This is defined as the ratio

TRUE POSITIVES
TRUE POSITIVES + FALSE NEGATIVES




and 1s the proportion of subjects in a given population affected by coronary artery
disease (abnormal coronary anglograph) actually detected by EECG.

- Specificity
This is defined as the ratio

TRUE NEGATIVES
TRUE NEGATIVES + FALSE POSITIVES

and 1s the proportion of subjects in a healthy population wnich are correctly identified
as such by EECG.

The higher the level of false positives, the lower the specificity.

- Diagnostic value of a positive test

This is defined as the ratio

TRUE POSITIVES
TRUE POSITIVES + FALSE POSITIVES

and is the probability of the absence of coronary artery lesions if the EECG is positive.

- Diagnostic value of a negative test

This is defined as the ratio

TRUE NEGATIVES
TRUE NEGATIVES + FALSE NEGATIVES

and is the probability of the absence of coronary artery lesions if the EECG is normal.

Sensitivity, specificity and diagnostic value of the EECG vary from population
to population.

In a high risk population (e.g. subjects of over 50 years of age presenting
chest pains) the sensitivity and the diagnostic value are very high.

The sensitivity is of thz order of 70 to 80% and the specificity of 85%.

In a low risk population (e.g. asymptomatic subjects aged less than 45 years),
however, the specificity is poor. This implies that there will be a high incidence of
false positives.

This is true for example of a population such as that constituted by aeronautic
flying personnel as has been shown by FROELICHER (19). This author carried out a maximal
exercise test in asymptomatic US airforce personnel, who presented minor coronary
repolarisation disorders. All subjects were excluded who presented any clinical history
suggesting angina, infarction or myocarditis and also any subjects presenting a pre-
excitation syndrome, any saltwater balance problem etc...

- 60% presented a normal exercise ECG

- 40% (= 76 cases) presented an EECG classified as positive
These 76 cases underwent coronary angiography

- 33 (= 43%) presented coronary stenosis greater than or equal to 50% (true
positives)
- 36 (= 47%) presented healthy coronaries (false positives)

- 7 (= 10%) presented an insignificant stenosis (less than 50%)

In a population of young and asymptomatic subjects the diagnostic value of the
EECG would therefore seem to be slight. There is a high risk of false positives =
virtually 50%.

The test cannot be applied routinely. It should be 1limited to high risk
subjects. This risk mey be medical in nature, assessed on the basis of high risk factors
established by the FRAMINGHAM enquiry (high blood cholesterol, =smoking, hypertension, etc..)

In some cases the risk may be occupational (cosmonauts, pilots of very high
performance aircraft etc...). In this case, interpretation becomes difficult and the
risk of error lies rather in false positives than false negatives.
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- The female population

The EECG/coronary angiography correlation 1s less good in women that in men.
The false positive level 1s generally of the order of 25 to 30%.
IN CONCLUSION

The EECG should not be interpreted in isolation.

Initially any positive criteria should be assessed in detarl.

Then the test should be situated against the clinical and epidemiological
context of the patient (age, symptoms, risk factors ...etc.j

Only in this way can rational use be made of the EECG in the diagnosis of
coronary failure.

111 - ECG CRITERIA FOR THE SEVERITY OF CORONARY FATTIIRF

There have been efforts to improve the interpretation of the EECG by 1identifying
criteria which could serve as an index of the severity of the coronary artery damage.

1. Timing of the ST depression

An early depression is thought to be an index of severity,

In practice as we shall see, the product of the systolic BP x HR 1s more often
used than the timing itself,

2. Exctent of ST depression

The greater the extent of the depression of ST, the higher the probability of
stenosis. On the other hand the extent of depression 1is no indication of the extent
of the lesion (13).

3. Location of ST depression

ST depression is more often detected on left precordial leads (v4, V5, V6) than
on posterior leads.

It has been established that there is no correlation between the location of
electrocardiographic disorders and the location of lesions detected by coronary angiography.

However, the diffusion of ECG abnormalities, especially of precordial abnormalities,
would seem to be an index of the severity of coronary damage. 1If associated with a low
BP x HR product, this leads to a suspicion of lesions (widespread or proximal (30).

4, Amplitude of the R wave (7-8)

The amplitude of the R wave is increased during exercise in coronary patients.
Various indices of severity could be envisaged based on R modifications.
- increased R wave on VS during or following exertion,
- comparison between the increase of the R wave on V5 and the depression of ST,
- increase of the sum of R wave on aVvL, aVF, V3, V6,

In the healthy subject however there is a fall in the amplitude of R.

This is explained by a simultaneous fall in systolic and diastolic stroke
volumes during exercise, whereas the volume of the ischaemic ventricle does not decrease.

It is sometimes difficult tc assess changes in amplitude of the R wave
especially towards the end of exertion when respiratory movements are exaggerated.

The mean of 20 complexes should be taken.

} The increase in R wave amplitude 1is an index of severity which is cetected
particularly if there are ventricular repercussions of coronary failure.

5. HR x BP product (more commonly represented by ST.T)

The product of the heart rate (HR) x the systolic blood pressurc (BP) is a good
index of the MVO2 (see the Section Physiological bases of the EECG).




The HR x BP product 1s more often expressed as ST.T (Systolic tension Time
Index}. This product would appear to be a uscful criterion of severity and provides
confirmation of a positive test.

An HR x BP product of more than 3000 mm at the onset of ST depression calis
into doubt the validity of the test.

An HR x BP product of between 2300 and 3000 mm considerably 1acredscs the
prognost ic value of ST depress:on.

A product of less than 2000 at the onset of ST depression makes 1t highly
probable that two or three major trunks are damaged.

6. ventricular extrasystoles (figure 27)

The cnset of ventricular extrasystoles, or an increase in their frequency
during exercise does not definitely establish the presence of stenotic coronary artery
lesions. However, 1in the coronary patient, such signs are an indication of scverity,
particularly if they are numerous and polymorphic. Notably, they increase the risk
of sudden death (7).

FIGURE 27

VA, S1 years, Severe typical
angina
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IV - PROGNOSTIC VALUE OF EECG

The validity of EECG has been established by cumparison with coronary
anglography.

These are two different methods and investigate different phenomena.

The radiological coronary angiographic method is 1ntended to provide information
about the anatomical status of the coronary vessels.

The ergometric EECG method 1s intended to asses the functionalstatus of the
coronary circulation. It should not be forgotten that in general ECG reflects only
myocardial activity,

The wvalue of the coronary angiograph itself as an indication of anatomical
iesions should also be considered.

Some studies (18) have detected the correlation between anatomical stenosis and
angioqraphic signs of stenosis in only 81% of cases. 1In general, coronary angiography
underestimates the presence of stenoses. The method does not explore the fine distal
collateral circulation.

The detailed sequence by which coronary artery stenosis may give rise to signs
of 1schaemia during exercise has not been established.

Coronary anglography (associated with left ventricular anglography) remains
the best method of assessing the status of the coronary vessels, but does have 1ts limits
and 1s based on a different principle from that underlying EECC.

All these factors should be borne 1n mind when assessing an EECG.

False negatives and false positives are merely false with respect to coronary
angiography and they may have some significance from other standpoints.

This significance 1s sought by studies involving leongterm follow up of large
gqroups uandertaking exercise tests.

Here the question of the PROGNOSTIC VALUE OF EECG is raised.

Figure 28 presents the results of some of these studies.

FOLLOW-UP MORTALITY CORONARY NUMBER OF CASES
PERICD DISEASE
ROBRB MARKS 10 years X 5 2224
DIMOND 5 years x 2 x 3 153 railway
employees
MATTINGLY 7 years x 7 836 suspected

coronary artery
discase <ases

BRODY 4 years x 16.6 756 businessmen

RUMBALL, ACHESON 4 to 7 x 10 660 military
years personnel

BELLET, ROMAN 3 years x 9 795 healthy

male subjects
(Bell Tel. Co.)

ELLESTAD, WAN Annual rate x 5.6 2700

FIGURE 28
Multiplying factor (x) of the mortality risk or the risk of coronary artery
accident in subjects presenting positive EECG as compared with Narmal
EECC subjeccts.

It can be seen that the risk of mortality or of coronary artery accident 1s
significantly higher in positive EECG subjects. The multiplying factor (x) of this risk
varies from group to group. This doubtless results from the diversity of the methods, of
the criteria for a positive test, of the populations studies, and of the follow up periods.
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Other studies provide data of different types.

- DOYLE and KINCH (11} repecated the exercise ECG in a group of 2003
asymptomatic subjects:

after an 1nitially positive EECG, they detected a 40% risk of
coronary accident.

however 1f the EECG was initially negative and became positive
during a second test, the risk of coronary accident was 85%.

- BLACKBURN (5) found that a negative test did not rule out the possibility
of a coronary accident within five years 1in a population of males aged
between 40 and 55 years.

As 1n FROEHLICHER's study (19) already referred to, this study demonstrated the
poor diagnostic  value of the EECG in an unselected asymptomatic population.

However 1t remains true that the coronary risk is statistically lower in negative
EECG subjects than in positive EECG subjects.
vV - CONCLUSIONS
The EECG must be interpreted in two manners

1. For a given individual, at a given time, the EECG must be interpreted as follows:

- taking into account as many criteria as possible which should be systematically
analysed: Intensity of exertion, nature of ST shift, HR x BP product etc..

- taking account of the clinical background and laboratory test findings
(age, sex, associated risk factors: high blood cholesterol, smoking,
hypertension.....).

2. More generally, the EECG should not be interpreted as a rigid or absolute criterion
of the presence or absence of coronary artery disease.

It should be interpreted in terms of the probability of coronary artery disease
or of the fairly long term coronary risk.

If viewed from this double point of view, it is the most important risk factor. Y ]
It is all the more important to take this factor into account because there are other
factors of coronary risk.

In an asymptomatic population such as flying personnel and military personnel !
in general, the EECG cannot reliably be used as a means of mass screening for coronary
failure.

This 1s not simply because of the technical difficulties that this would imply
but also because of the lack of specificity of the test in populations of this type.

- However, the author believes that the EECG 1s of diagnostic value
for a sub-group previously selected from within this population on
the basis of the extent of the usual factors of coronary risk.

- The EECG may also have prognostic value, which remains to be established,
as an indicator of the fairly long term risk of coronary accident.

From this viewpoint the EECG 1s of :increased value for the selection of subjects
for high occupational risk posts (astronauts, high performance aircraft pilots etc...)
whose future has to be planned for some years in advance.
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1.1 Recorder

The ECG is recorded by means of thoracic electrodes (figure 1)

The recording is made on a magnetic chart which flows at a constant rate and on
which 1t should be possible to mark not only the electrocardiographic signal but also a
time base line and an indication of events.

1.1.1. Magnetic chart:

At present recording may be made on :
- a magnetic tape
- Oor on a cassette.

The second method is becoming more and more common. It has the advantage of
being ecasier to handle, but 1s sometimes said to produce flow problems in recordings lasting
for more than 18 hours which may interfere with the reading of the cassette.

One of the drawbacks to the magnetic tape system is wearing of the pinions of
the motor. Fortunately 1t 1s now possible to replace these. The cassette driving system
may also become worn and this should be serviced after six to twelve months of use. The
reel 1is less easy to insert than the cassette and an error may result in a failure to
record. This is frequent when one begins to use an apparatus.

1f the recordings are to be kept, the cassette system is less expensive.

1.1.2. Electricity supply

All instruments are fitted with an independent supply of electricity with a life
span of at least 24 hours.
~ accumulators which must be recharged after each usage, and this requires the
purchase of a charger
~ alkaline b.rtteries
- mercury batteries,
Some of these batteries can be recharged.

1.1.3. Chart rate and time scale

One of the main contributions of the method 1s to situate the ECG recording in
function of precise moments in the patient's activity. It is therefore important to have
a uniform chart rate of the magnetic charge. This is difficult because the speed 1s very
low.

In the most sophisticated instruments there is a quartz clock controlling both
*he chart rate and the time scale.

Figure 2 - Contracted recording. Note there is one pause.

1.1.4. Event marker

It is also useful if the subject under test can indicate on the recording tape
a concise record of events (symptoms, emotions, therapy etc...)

When read, the signal can be compared with the ECG and the time scale.
The event marker is operated by the subject under test and is either incorporated
in the control box or else linked to it by a cable which makes 1t possible for the subject

to ave it beside his hand.

1.1.5. Number of channels

The recording i1s made from precordial electrodes usually placed on the main axis
of the heart so as to pick up maximum signal strength.

Two channel recorders are more reliable. They record frem two leads and 1n thas
way:
- some parasites can be eliminated
- 1f an electrode becomes disconnected , which can always happen i1n a subject
asked to continue his normal activity, this 1is less serious.

ik
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1.1.6. Weight

The recorders weigh between 400 and 700 grams, which is generally held to be
the maximum acceptable weight. Cassette recorders are generally lighter and can easily
be carried on a belt.

AN Checking the signal

Wwhen the recorder 1s fitted, the signal recorded must be checked against a
standard ECG instrument.

By moving the electrodes, it 1s possible to obtain a signal with a voltage
{gqreater than one minivolt) which the lector can pick up.

This also makes it possible to detect and eliminate some parasites from the
outset and to pinpoint changes in the recording in function of the subjects position.

1.2, Lector

The lector 1s an instrument able to identify normal QRS complexes and to
distinguish them from abnormal complexes.

This 1s done after defining a normal QRS complex.

1.2.1. Definition of the QRS complex and ST segment

The usefulness of a lector depends on the definition of the program (normal QRS).
Depending on the type of instrument used, some or all of the following features are taken
1into account:
- duration of QRS
- amplitude and initial slope of QRS
- several (5) points on QRS
- the area of QRS
- shortening of the interval between QRS and the preceding complex (prematurity)
The performance of the lector and the sophistication of the programme determine the
precision of reading.
At best, the lector is able to distinguish the following features:
- normal complexes
- exXtrasystoles {(premature complexes)
- super-ventricular or ventricular nature (narrow or wide complexes)
- wide but not premature complexes (Blocks...)
- salvos of extrasystoles
- R/T phenomena
- pauses.
Depending on the fineness of the tuning of the program, some extrasystoles may
pass unrecognlized or some parasites may be mistaken for abnormal complexes.
One of the advantages of the lector is flexibility of setting of the parameters
wsed oas criteria of abnormal complexes or disturbances of the rhythm .

Deetinition of the ST segment

Some instruments are able to define the normal ST segments by means, for instance,
toan adjastable brightness control,

Loctor speed and time scale
Reading speed 1s 60 to 120 times faster than recording speed. The lector
cretore covers a 24-hour tape In 24 to 12 minutes.
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This does not mean that a tape is always used within the same length of time.
This time varies in function of the frequency of abnormalities, the requirements of the
operator, the technical capacity of the instrument and the quality of the recording.

As for the recorder, some lectors are equipped with a guartz clock to set the
chart rate and sometimes to link this to the recorder time scale.

The lector may also display time and some instruments are able to seek and
analyze a given section of the recording by replaying a given period.

1.2.3. Screen

All lectors display some or all of the record on a screen in various ways.

Figure 4

LEG, 48 years. Same patient as
fiqure 2.

Recording of an attack of
junctional tachycardia (Bouveret).

Figure 4 B
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Conrinucus dl:

The ECG 1s dispiayed on the screen in the form of one 1or two or threey hear
cvcles by superimposing i1mages, whilst the complexes remain unchanaed.

The task of the obhserver and his skill lies 1n an ability to spot even fleecring
changes of the picture.

Discontinuous display

The screen displays a seriecs of complexes lasting periods of 20 ta 40 seconds,
The picture remains static whilst the trace 1s stable. If any change occurs a new series
appears. If the lector does not detect any abnormallty, the new séries remains on ¢ he
screen.

Some instruments combine both systems, This allows the attentive observer to
spot abnormalities on the contlnuous screen which the lector may have fa:led to detect.

1.2.4. Sound signal and auromatic hold

Some systems can rectify any lack of attentiveness of the observer by:

~ cither a sound signal

- or the automatic hold of the display for a period which may or may not be
extended.

1.2.5. Checking the reading

The lector may take some artefacts for abnormalities and transmit some as
such to the automatic analysis system ( see below) (e.g. episodes of parasitic
actavity mistaken for tachycardia).

To the best of the author's knowledge, there 1s only one 1nstrument on which it
1s possible to confirm or efface the passage of a recording classed as abnormal by the
lector, Uising this system, 1t 1s possible to tune the QRS program at the beginning of
reading.

1.2.6, The "Jog" Function

When the i1nstrument stops on a change in the record, 1t may often be useful
o examine the moment 1mmediately preceding or following this change. This 1s made
possible by the "Jog" function,

This 1s usually performed by successive fractions of variable lengths ibetween

10 seconds and several minutes) . Theoretically, it is possible tc check any part of the
record but since this 1s a fairly complex manceuvre 1t 1s a fairly lengthy procedure.

1.2.7. Paper recording
It is necessary to be able to record some abnormalities in the results on paper
charts.
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Recording possibilities vary from instrument to 1nstrument:

- total and continuous recording

~ total but discontinuous recording {(of sections lasting a few tenths of
a second at intervals of ten minutes or so)

- theoretically 1t is possible to record on a paper chart but this 1mplies
a somewhat lengthy process

- "contracted" recording. It is possible to record at a very low chart
rate, with an hour to each page, by means of optic fibres (figure 2}

- the most sophisticated instruments provide automatic recording of
pre-selected abnormalities (pause, extrasystoles...) at standard
(25 mm/sec) or high speed.

PTG TTT L ] e |

Figure 6 - ESC, 71 years. Same patient as figure 4.
Ischaemic ST depression on first channel.

1.3. Automat ic Analysis {computerised})

Once the lector has recognised the recording, various parameters can be
analysed automatically by the computer system and a printout provided :

- either in graph or diagram form
- or as a diagnostic summary

Different instruments offer various possibilities.

1.3.1, Numerical data

- heart rate, Maximum, Minimum, Mean

- number of whole complexes

- number of ventricular, supra-ventricular extrasystoles
- number of doublets, triplets

- R/T complexes

- premature
- RR 1interval above or below a given value
- pauses, bradycardia, tachycardia etc....




T.300. Graphs and diagrars  (figures 2 to 12}

Many parameters ¢an be represented 1n graphical or diagrammatic form.

The daration ot the RR interval s ofren presented in the form of a bar histogram,
Lostoararms are made uwp of bars represent ing the mean RR during a five or ten minute

ired to decaipher these diagrams, but once mastered they
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1.3.3. Diagnostic aid

The most sophisticated systems even provide a synthetic summary and diagnostic
pointers.

The program has to be sufficiently specific to avoid errors in reading and
sufficiently complex to detect all abnormalitiec. This system requires a totally
reliable 1instrument and this may not yet be available.

IN SUMMARY

Specific criteria can be required of the various instruments provided by the
manufacturers. But it is difficult if not impossible to draw up an absolute “league table”
of instruments.

Their selection is based on the use which one intends to make of them; research,
or clinical (particularly rhythm disturbances, coronary failure). The decision is also
influenced by the availability of the physicians who are to use it and of their experience.

The authors are worried by the danger of widespread use of fully automated
systems where the physician is not involved.
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I1T - VALUE AND EXPERIENCE ACQUIRED IN CARDIOLOGY

The Holter method of continuous ECG monitoring of the active sub)ect made 1t
possible, as clinicirans had long hoped, to correlate paroxysmal functional disorders
{loss of consciousness, pain etc...! with ECG modifications.

The method 1s now very widely used and has proved very valuable. Many studies
have been and continuc to be performed to investigate this method which continues to
be highly relevant.

We cannot hope to list all such studies., We will present the main indications
for the method as we listed them in a previous article (29).

In asymptomatic subjects

The method 1s useful particularly in order to establish the limits of the normal
range. Extensive studies of all age groups have been carried out (2-6).

These studies have established the high frequency of sinus functiorn disorders
in  young subjects during sleep and the high percentage of ventricular arrhythmias in the
elderly. Some of the abnormalities detected have established the importance of rhythm
disturbances 1n the etiology of sudden deaths.
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Figure 9 - Same patient as in figures 6 and 7
Actual size recording of the pause detected 1n the RR

histogram, figure 7.

Bottom right, contracted
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Symptoms suggesting paroxysmal arrhythmias

The symptomatoloqy may be predominantly cardiac® (palpitations), irregularities
of rhythm or neurological ; lipothymia, vertige, syncopy, or actual loss of consciousness)

This method of recording over a 24-hour period 1s of greater diagnostic value
than a standard ECG even if fairly prolonged (15).

The method may seem disappointing both because many malaises are devoid of any
accompanylng disturbance of cardiac rhythm and also because in order to be of value,
it would be necessary to record during the symptoms (3~7).

However, some authors report 25% of cases in which symptoms did occur during
continuous recording (18).

Other statistical data show that up to 34% of arrhythmias were detected which
were classed as severe and required the fitting of a pacemaker. (14-25).
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e rrigaered by particular stress siruations, colderiy o e
Pt ient s
Mtas method 1s not o an alternarive to ECS vrevides aetn s ndde Lo
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This 1s partaicularly useful 1n the investigation of the pisk of rocdeat
noparaents with ventricular excitabilicy disturbances. ,
Ihrs has made 1t possible ro detect totally asymptomatic ventricular iva
Pl=l
Correlations have been established between the onset of such cprsodes amd 2 he
fregquency of extrasystoles, their coupling, their uni- or multi-focal character and b
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varies wocat by dependsng whether the heart o
of myocardial anfarct ton

= oan the risk ©osindden ddeard

1y o Reaithy or 1f there

Patients with a history of anfarct jon

Many udres have investigated  the froguency of hsrurbances of
\ : i b

. most Tikely tire of onset and the proansstic sigmificance,

All these studies confirm the {requency of such digturbances
the sntial phase and thayr of the firsr month following necrosis,
marked abnormalities of ventricular excairability affec: the vital proancsis b he
s whioh they ocur, )

Taso | T T y

250

200 :

150 Co Co .

100

. . . s - : N ' B
s I UL S S o

o .
HEART RATE - BPM

’ aomes T e 2

+5 :
+4 - R
.3 . - L
+2 : . . cod
1 . e B
.0 =
‘i‘w‘ B R T r
-2 N R :
-3 . . . PR . . . . . . B
T R i

P . P

S-T LEVEL mm I 14271-5 e
—®
Frapire A CBR, 349 vears
Precordial pain 1n a moraer car.  No ST depression,
-—




N
P
o~ w
-~
.o o - i o B
HEART RATE - BPM
s ooemam e
e Aomies  ootie cacshed
S 45
+4
C+3 !
c+2
Fiagure B - OBR., Same patient as figure A
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The ambulatory ECG is also a useful method of monitoring the corenary
tat sent Jduring the rehabilitation perviod and provides a fairly reliable assessment of ‘
the adapytarion of the cardiovascular system to the exertion required (8). .
Al
Vario ~ardirac disorders f
Attempts have been made to cvaluate the risk of sudden death in both obstruc :
and neon-chstruct ive myocardiopathy (23).
These have demonstrated the frequency of rhythm disturbances in the obstractive
torm and the influence of episodes of ventricular tachycardia on the risk of sudden dearh.
A detaitled study of rhythm in mitral prolapse (261 has been carried out.
This has shown the hiyh frequency of such disturbances 1n some patients and tho correlation
af this feature with the repolarisaticn abnormalitics long detected  1n BARLOW's syndrome.
Rout 1ne 24-hour ECG monitoring 1s suggested by several authors for this condition,
Evaluation of therapy
This is the majJor indication for this method whish provides four Cynes ot
informations
- concerning the efficacy of antiarrhythmics, w IS8 po longer b congdered
without fairly prolonged ECG. Statistical merhods have Shoed certarn criterla whiioh
demeonstrate antiarrhythmic activity {(20-21-28),
If the time of medication 1s accurateiy recoried, oo merhod can alse be wae
o determine the speed and duration of action of tie direi:, facto - inf laenee Che
nature of prescription (12-13).
- ronttering of heart pacemakers.
Intorrittont maliuncrson 1s often diftcul:r v ferenssrare and requires projenaed
investigat 1on paying particular attention to chanues ~f o« B St he patient, A
cont inunus ECG, especially 1f it covers the period of any maidise w “h may occur, may
provide new 1nformation very helpful 1n detecting the fauls. The method may a’so reveal -
some arrhythmias produced by the pacemaker and not detected by the parient (14, <
The treatment of coronary artery diseasce patients should also be monitored both
with respect to efficacy on any repolarisation discrders and on rhythm.  Such monitoring
should be performed under more physiological conditions *han those of the exercise ECG.
- the cardiotoxicity of drugs can to some extent be assesscd by their effect an
hear: rhythm and repolartisation. 1
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CHAPTER 4B

THE HOLTER METHOD
IN AERONAUTICAL MEDICINE

by G, Leguay* and A. Seigneuric*

The small number of publications dealing with continuous ECG recordings in
aeronautical medicine 1s 1n marked cont ast to the wealth of literature concerning the
use of the method i1n cardiology.

Most of the publications wh ch have appeared deal with pilots of transport
aircraft only.

Sometimes only the heart rate was determined. Such studies are essentially
ergometric and assess the work load from the heart rate (3).

Other studies involved only very small numbers of subjects (1-4 cases) or
relatively short periods (1-8 hours!.

Others again are purely technical research into instrumentation (5,6,8)

The large number of criteria of normality defined for flying personnel 1is
recognised as one of the problems posed by the immediate use of the method (1).

The methnd is of use in various fields of aeronautical medicine.

1. Study of cardiac performance of pilots during flight

This type of study may concern:

~ the fighter pilot subjected to extreme accelerations
~ the pilot of transport aircraft subjected to disturbances of the circadian rhythm.

The authors believe that the question of tolerance of acceleration 1s of great
importance. Many studies are currently devoted to tolerance of the high accelerations tc
which the pilots of new generations of fighter aircraft will be subjected (9,10,11).

The HOLTER method makes it possible to record the electrical activity cf the
pilot's heart during all the operations of the different types of mission (taking off,
landing, aeronautical display, acceleration, low or high altitudes etc...)

2. Defining criteria of normality

It is possible to define criteri1a of normality fromdata gathered from a 3
sufficiently large population.

The appearance and frequency of ventricular extrasystoles at certain levels of
acceleration for instance.

Tachvcardia during landing, taking off etc...

3. Pilot adaptation

Just as for instance the degrce of training of an athlete can be monitored from
the ECG, so too some ECG features will! reflect the adaptetion of flying personnel to
f.ying.

Vagal tone, for instance, 1s known to be modified by acronautical experience
(12} and can be used to estimate the degree of adaptation. ECG provides a good indication
of vagal tone.

The three poirrs of 1nterest considered above are also amply documented by
continuous ECG monitoring during space flights (13-14).

The following have been defined:
- Specific ECG changes 1nt space
- The frequency and usually good tolerance of some disorders (ventricular coxtrasystoles).
Analysis of the ECG and of the changes 1t underqgoes has lead to alterations of
the schedule of work and rest periods .
Somewhat paradoxacally, the rescarch concerning cosmonauts has yet to be done 1in
aircraft pilots.

4. Diaygnnstic tool and certification of fitness. Air safety

Three fields of cardiology pase special problems of flying fitness
- extrasystoles
- minor conduction disorders
- primary repolarisation disorders

4
In general, these problems are mild. However they must be distinguished from the
occasional severe case, In flight ECG may be useful.
* Maderin eon Chef;  Professeur Aqrégé du Seorvice de Santd des Armées. ! 1
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Such a method would not be to the detriment of the pilot tested. The inflight
pattern of the disorders listed 1s still unknown and so the examining expert tends to
be seve:e, rightly stressing AIR SAFETY.

Confirination of good cardiac tolerance of flight 1s a feature which contributes
to AIR SAFETY and is useful in fitness assessment.

The inflight use of the HOLTER method could also be exploited to assess currently
used expert report tests such as the human centrifuge.

The method would also provide information concerning the wide field of INFLIGHT
MALAISES. Here too, it would contribute to AIR SAFETY.
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CHAPTER 5

CONTRIBUTION OF STANDARD X-RAY
TO CARDIOVASCULAR EXPLORATION DURING THE
CLINICAL EXAMINATION OF FLYING PERSOLNEL

by M. Puech* and P.J. Metges **

1 Teleradiography and televised fluoroscopy of the heart are combined within a battery
of complementary cardiological examinations .
We will present the non-invasive radioclogical methods used 1n the expert examination
of FP and discuss normal results and the contribution of these methods 1n some
abnormalities which are usually slight but which may pose problems concerning fitness.

II RADIOLOGICAL METHODS

A) Cardiac Roentgenography

This method provides objective and reproducible information concerning the shape of the
heart. The method 1s accurate and completely reproducible but a.curate and completely
reproducible technical conditions are required:

(1) Four positions are used:
- frontal
- left lateral
- left anterior 60° oblique
- right anterior 50° obligue
These determinations are carried out with the apparatus set at a given anqgle.

(2) The X-rays are taken following deep inspiration with the subject upright.

(3) In order to offset photographic enlargement, the distance between the focus
and the film should be at least two metres. In conventional chest X-ray the distance 1s
less than 1 metre and this explains the usual distortion of the heart outline. Under such
conditions, cardiomegaly is frequently falsecly concluded and any localised abnormality
detected must be confirmed by tele roentgenography.

(4) Barium sulphate opacification of the ocsophagus 1s routine becausc of the
close contact between the posterior border of the left atrium and of the aortic nob with
the oesophagus.

(3) High voltage (120 Kv) is always used, this provides:

- minimal exposure time
- visualisation of the heart and mediastinal Ilines.

IN CONCLUSION basic X-ray examination 1involves four X-rays taken under high voltage
after barium opacification of the oesophagus. This serics of four roertgenographic
positions is easy to carry out and reproducible.

B) Heart Fluoroscopy

is always carried out with brightness amplification.

The display period 1s short so that the pa:ient 1s exposed to minimal i1rradiation.

It ts useful to record the findings on a videotape since this provides a document which
can be studied at leisure and allows for holding of a particular 1mage or replay of some
sections.

The performance of the examination 1s provided by the information provided by the oxpert
physician and by the findings of standard X~rays. The followiny procedures should be
carried out:

(1) Analysis of the contraction of the left ventricle shown from the frontal and
two oblique angles: the kinetics of the antero-lateral walls and the tip of the heart 1s
analysed from frontal and right anterior oblique angles, that of the lateral wall and
posterior wall from the left anterior oblique

(2) Study of the kinetics of the trunk of the pulmonary artery from the frontal and
slight {30°) obligue right anterior. The systolic expansion of this segment should
routinely be investigated and, can confirm a diagnosis of interatrial communication.

(3) Study of the expansion of the ascending aorta in a left obligue position,

(4) Asscssment of an abnormal and paradoxical expansion of the left atrium :n a
left anterior oblique position signifyinyg mitral failure.

(5) Routine screening for cardiac caleification. Investigation of their form,
appearance and mobility. The etiology, coronary, mitral or aortic valvular, endocardial,
myocardial or pericardial origin, 1s also dicussed.

IN CONCLUSION Televised fluoroscopy with video recording provides much 1nformation bu!
must be used methodically and carefully in order to analyse the shape and dynamic features
of the heart cavities, the aorta, of the pulmonary arter-es and to obtain infaormation
useful to the oxamining physician,

* Médecin Principal, head of the Radiolcgy Unit of CPFMPN
** Médecin en Chef, head of the Radiology Uinmit of 1i.1,.A, BEGIN
Professeur agrégé at E.S,S.A.A. - CERMA (chair of Electroradiology)
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tB) SIDE VIEW: Figure 3
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D [LEFT ANTERIOR OBLIQUE (60°) figure 5
TRUE SIDE VIEW OF THE HEART
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VARTANTS OF THE FILM OF THE NORMAL HEART
N Hearts and rhoracice bantype
The apgecarance ot the cardrac silhouette s influenced by the shape of the thorax.

hoart in rhe iong  thorax:
- the heart s small, long and narrow, and virtually median 1n position.
The heart aprears “droplike
++ che horizentai heart in the short thorax:
- anoa snalil osuauect, often obese. The heart rests on the draphraam
+++ *ne heart an thoracic deformation:

< the ver

heart 1n strairqght backs:

. straxcht back 1s defined as an absence of dorsal kyphosis.

. in tre frontal ancidence the heart scems to be increased in s:ze, and
thrown over to the left.
The apex 18 low down and near to the axial wall
The right margin 1s projected on ro the spine

100 the heart 1n dorsal kyphos:s

. the heart 15 viewed from the apex as :1f in left anterior obligue
. the lower part of rhe flieart cannot be distinguished from the opacity

of the diraphragm

111 the heart 1in dorsal scoliosis

. dorsal scoliosis produces deformation of the rib cage and affects the
shape of the cardiac silhouctte
1in general the heart 1s situated in the concavity of the scoliosis,
in the frontal film 1t is right anterior oblique 1n scoliosis with right
convexity and left arterior oblique in scoliosis with left convexity.

v the heart in "funnel” thorax:
- the mass of the heart is compressed within the rib cage and rotated 1nto
a slightly right anterior oblique position @
the si1ze of the heart appcars to be increased
. the position of the silhouette assesses the extent of sternal depression.

b Physiological factors affecting the shape and size of the heart

When the diaphragm descends during inspiration, the heart becomes vertical and appears
smaller. This situation is reversed during expiration.

Any process affecting the position of the diaphragm alters the appearance of the cardiac
silhouette.

) Athletes heart

raises the question of the 1solated enlarged heart which may take two forms:

- globular heart:
vertical and symmetrical positioning of the heart

- "left" heart:
appearance of left ventricular hypertrophy with a cardiothoracic index at the upper
timit of normal.

d) AMrican heart

The examining expert may sometimes encounter an asymptomatic heart with a cardiothoracic
index at the upper limit of normal.

Apart from this index, the shape and haemodynamic features of the heart are normal.
Complementary examinations should be carried out to exclude incipient primitive myocardio-
pathy and to confirm the athlete's heart or "idiopathic" cardiomegaly, frequently found
in the tropics.

v THE DISEASED HEART

Vle shall discuss only minor abnormalities such as are actually found during examinations
for the fitness of flying personnel.

(1) Congenital heart disorders

Some may be well tolerated and so encountered during examinations of personnel. Radioclogy
may provide the expert with very valuable diagnostic information:

- interatrial communication .
- slight dilatation because of overloading of the right cavity and of rhe trunk of !
the pulmonary artery which presents marked and significant systolic cxpansion

when viewed on televised fluoroscopy. i
. the left cavities are normal .
- there is pulmonary hypervasculisation due to excessive supply (shunt}).
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- nterventricular communication
slight hypertrophy of the left cavities
. right cavities unaffected
. pulmonary hypervascularisation

- coarctation of the aorta characterised by:
. unfurling of the aortic arch to a "3" shape (visible in frontal and left
anterior oblique fi1lms) or variants of this, the cause of which may not
be evident.
. signs of left ventricular hypertrophy
. later, the typical costal nicks become visible on the posterior arches of the
first ribs.

(2) Acquired valvular heart disease

- 4-position teleroentgenography detects any increase in one or more of the cardiac

cavities. With other exploratory methods, 1t can be used to investigate the pulmonary
and rardiac effects of valvular disease.

- televised fluoroscopy
investigates the kinetic features of the various cavities,
detects calcification of mitro-aortic orifices and investigates their appearance,
si1te and mobility.

This study is carried out in frontal, lateral and slightly right anterior oblique positians.

it should be recalled that mitral calcifications are projected within the postoro-
lateral region of the cardiac mass. They rise during diastole and fall during systole.

Aortic calcifications are in a higher and more anterior site than mitral ones.

Mitral calcifications move 1n a horizontal plane whereas aortic calcifications

move 1n a vertical plane or a more complex movement described as "dancing". The
amplitude of the movement varies between 0.5 and 1 cm.

3 Ischaemic heart disease

The usual X-ray examination method does not normally provide any helpful information.
Televised fluoroscopy, possibly with video recording, 1s of great value in the
dragnosis of parietal aneurism,

14 Obstructive cardiomyopathy

- often posecs problems of diagnosis and fitness to the expert physician.
- standard X-ray may often be normal, but may present :
. moderate cardiomegaly of the left ventricle
the virtually unmiversal absence of dilatation of the ascending aorta.

- televised fluoroscopy confirms the absence of calcification of the aortic valves
but diadgnosis of cobstructive cardiomyopathy 1s based above all on echocardiography. The
indications for this technique conti- 1e to expand and the method has also revolutionised

the diagnosis of mild pericardial effusion.

CONCLUSTON

In the cardiological assessment of an expert examination of flying personnel,
four-position teleroentgenography and televised fluoroscopy remain the usual methods for

rhe analysis and kinetic investigation of the cardiovascular silhouette and pulmonary
vascularisation,

But this examination, which was previously the fundamental if not the only method,
1s now part of a battery of complementary tests in an up to date investigation intended to
provide even greater reliability in the assessment of fitness for flying of flying personnel.

SHORT BIBLIOGRAPHY

* -« P. BRET, M. AMIFL
Ttude du coeur normal! en radiologie standard
F.P,U. 1979 - Journée nationale de radiologie .

2 - A, BONNEMATOU et J. CHERKFT
Méthodes d'examen, sars opacification des lumidres cardio-vasculairee
F.M.0. 1975 - 12005 A. 10

T - J.F. SOURTAU - J.C. HOFFFFL
Le coeur normal .
feuilletes d'électro-radiologle N® 142,
Sept.-Oct. 1979,

[ el
——

—— e




CHAPTER 6

CONTRIBUTION OF CARDIAC ME ANOGRA
IN THE EXPERT EXAMINATION OF FLYING PERSQO

FL

by R.Carrd* R.Amorectt1 ***, A, Didier** and H. Iilo**

I - INTRODUCTION

The i1dea of graphical recording of carotid pulsations of the
recent but had already been carried out in the 19th century by CHAVEAU,
However, although thesc recordings were valuable to physiologists , theoy we:ro
practical use to the clinician . It 1s the possibility of transform:in b,
under study into inertia-free clectrical changes which has made 1:¢ pos
the mechancgram and use it to pr.ovide information useful to the clinici
examining flying personnel.

curny ot

These are non-invasive methods which are easily reproducible at each examinat ton,
They also provide recordings which can be added to the pilot's medical recard and compared
from one examination to another.

Cardiac mechanograms provide three types of information:

1) Analysis of cardiac murmurs, determining the type of heart discase on the
basis of phonecardiography,

2} Study ! atrial distension from the carotid pulse cardiogram,

3)  Chronocardiographic determinations based on the systelic time intervals
some 1dea of the contraction of the myocardial muscle.

1T - ANALYSIS OF CARDIAC MURMURS

Heart auscultation and complementary examinations with the electrocard
and cardiac X-ray can cstablish the organic nature of a diastolic murmur and in
can determine the presence or abscnce of an organic cause of systolic murmur.
cases, 1t may be helpful to use the non-invasive method of cardiac mechanogram.
mechanographic methods used in the authors' uni: re as follows:

Quram

mest o cases

4! Phonocardiogram with 4 channels (3¢ 70 Hz, 140 Hz, 280 Hz) taken from
the auscultation of the systolic muru.r:

b)  The study of the carotid pulse 1nvolves two facets:

- study of the shape of the recording
- study of the time sequence of the various cvents, ascension time,
1/2 ascension time and duration of the left ventyricular orection,

However, these times must be corrected in function of the heart vate using
the PERNOD and CARRE graid.

o}

1 Apex and Jugular cardiogram

d) Bynamic tests involving

1 - the Valsalva manoecuvre, which can determine whether the systolic purmu
15 of left or right origin. A murmur of right origin reaches max:mum
intensity at the end of the test whereas in the case of a murmur of loft
origin, the peak 1s reached only § systoles after halting of the test,

2 - Pharmacodynamic tests involving recording following the amyl nitriie or
1suprel test followed by tests with vasopressors (avamines, methoxamine),

Hence the recordings obtarned make 1t possaiple to deteormine whether
aue *o oan obstruction or to requragitation and whether 1t s right or lefo.,

Y Médecin Chef des Services
** Médecins en Chef
*** Médecin Attaché des HApitoux POriphérigues
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a) Non-pathological murmurs arising in the ejection route of the right ventricle

1 Mechanism

A murmur may develop when the circulatory speed increases, when the calibre of a vessel
increases or becomes irregular, or more secondarily the viscosity of the blood 1s reduced.

Usually these mechanisms are combined but the determining factor remains the
increased speed of circulation in the vessels. This is directly related to the systol.c
output and inversely related to the peripheral resistance of the circulation.

Since pulmonary resistance is lower than systemiC resistance it is easy to
sce why murmurs arise readily, appear in the pulmonary pathway.

11 Various murmurs

1) TRIPIER and DEVIC's infundibulopulmonary murmur

This is the most common.
Static study:

. Prntosystolic murmur, persistence of heart sounds (apart from a rapid
physiological repeat of 52)

. Site: lungs and the left sternal border

. Moderate intensity, crescendoing during exploration and following exercise,
decrescendoing during deep inspiration and in the upright position

. Normal mechanograms

Dynamic investigation: essential in order to eliminate partilal organic murmur
which may present the same static characteristics:

. Valsalva manoeuvre : reacts like a right murmur, i.e. reappears almost
immediately following the end of the manoeuvre.

. Amyl nitrite test : the murmur intensifies, its duration is increased
but it peaks earlier, possibly as early as Sl in which case the
murmur takes on a triangular form. The shape and time sequence of the
carotid pulse remain within normal limits.

This murmur may also occur:

During ceonditions characterised by an increase in blood volume

or in the speed of circulation: exercise, pregnancy, fever, anaemia,
hyperthyroidism, arterio-venous fistula, irritable heart in neurotonic
subjects.

. In thoracic deformities: flat back, funnel thorax, kyphoscoliosis;
which should no* be mistaken for congenital heart disease.

2) STILL's musical murmur

Occurs in the infant (2 to 4 years)
Characteristics: regular groups of low or high frequency oscillations

Site: left sternal border or endapical,
Responds like infundibulopulmonary murmurs to pharmaco-dynamic tests.
3) Stenosis of the trunk or branches of the pulmonary artery

The murmur is considered non-pathological when the pressure gradient along the
pulmonary artery is low, below 15 mm Hg.

Murmur: obstructive type midsystolic, sometimes early-to-midsystolic, with no
chnormality of S2;

site: 2% and 3% left intercostal spaces, radiating into the armpit and
the omovertebral space:

Intensity usually high

Normal mechanograms.

Amyl nitrite test: the intensity and duration increase, but most notably the
vibrations peak moves away from S]1 and the murrur becomes late systolic and

may go beyond A2, it takes on the appearance of an extrermely late holo-systolic
murmur. Methoxamine reduces the murmur.

b} "Left" non-pathological murmur

This is less frequent and more difficult to distinguish from an organic lesion suchas aortic
bicuspidy.

The phonocardiographic signs are similar to those of the "right" murmur apart from
the fact that it @&lways begins after the base of the carotid pulse and that it peaks
1in the aortic area.

. ey T r S e e m s
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c) Cardio-pulmonary murmurs
1) Non-pathological carotid murmur
Frequent in subjects presenting irritable heart.
- Short early-to-mid systolic murmur, carotid site, low intensity, high frequency.
- Ultrasonic Doppler exploration may be required to exclude carotid stenosis.
2) Jugular vein murmur
- In young subjects or those presenting hyperkinesia
- Continuous or parial murmur, subclavicular and right cervical in site, low
intensity.
- Reduced or eliminated by turning the head to the right, forced expiration, the
Valsalva manoeuvre or compression of the jugular above the site of auscultation.
- Amplified by forced inspiration and by amyl nitrite,
B - Organic systolic murmurs

I - Obstructive myocardiopathy

The major concern of the expert in his examination of flying personnel is the
possibility of failing to recognise obstructive myocardiopathy because of the danger of
sudden death which this carries.

Obstructive cardiomyopathy constitutes a dynamic obstacle to the ejection of
blood from the left ventricle into the aorta. It arises because of hypertrophy of the
intraventricular septum,

Figure 2
oMe

Male 62 years

Obstructive systolic murmur
S 4

Cardiogram with "Bulge",

a) Diagnosis of OMC
I) Static exploration
1) heart sounds

normal

normal

variable

: constant of variable extent
o systolic ejection click.

- w -

S
S
~ S
S
N




97

2) murmurs
a) Obstructive systolic murmur

- This murmur 1s produced by hindrance of the ejection of blood from the left ventricle
to the aorta due to bulging of the inte¢ -entricular septum into the pumping chamber at
the left ventricle, during systole, therecby resulting in a dynamic obstacle.

- Description:

. Usually midsystolic murmur, diamond shaped, obstructive: begins after Sl and ends
before S2; the murmur peak 1is late, as compared with that of RA).

. The murmur may be early-systolic in the basal state or almost holo-systolic leaving
a very short interval between S1 and the beginning of the murmur and between the
end of the murmur and S2.

. The murmur may vary on a single recording with several "peaks".

. In general, a wide variety of shapes of the murmur should be noted, the most
typical, however being midsystolic murmur.

- Site: left sternal border or endapical, there may be radiations towards the base and
the tip.

- Frequency: recorded particularly at high frequencies.

- Intensity: very variable from very weak to very intense; increases after long diastoles
(ventricular extrasystoles and atrial fibrillation)

b) systolic regurgitation murmur '
- Murmur related to dysfunction of the leaflets of the large mitral valve; variable

- Holo-systolic murmur, or more frequently late systolic, extending to $§2 (which
distinguishes it from an obstruction murmur).

- Site: maximum at the apex, possibly with some radiation to the armpit.

3) carotid pulse

a) shape
- Varies widely from one subject to another and in a given subject depending on the ’
conditions of examination and even the position of the subject.

- The most usual configuration is the tracing known as the COBLENCE type 3 tracing,
i.e. the normal tracing by far the most freguent in incipient OMC. {

~ But there is a typical tracing, encountered especially in developed forms and this
is the type 1 or "bulge" shape: the first peak is very early, pointed and precedes
the peak systolic sound; it is followed by a dip the depth of which may vary, the
descending slope of which occurs at the same time as the maximum systolic murmur;
this is followed by a second peak which is not so high. The catacrotic wave is very i
low and followed by an enlarged dicrotic wave. !‘,

Type 2 is less frequently detected and less characteristic: an early peak followed by
i a concave descending section, ending with a very low catacrotic notch which in turn
is followed by a very large dicrotic wave.

e

b) time sequence
- Corrected ejection time: variable, usually normal or prolonged (especially in type 1). i

- Ascension time: reduced (between 0.06 and 0.09 s). .
- Semi-ascension time: normal but somewhat short (which differentiates from RA)

i 4) apex cardiogram 3

- normal diastolic slope with a characteristic marked A wave, at the same time as S4.

- systolic wave of variable configuration: usually normal, particularly in incipient
oMC

Sometimes the appearance may be similar to Type I of the carotid pulse with a first
early pointed peak followed by a trough during maximum systolic murmur and then a
second peak of variable height.

S rve o ————

5) 3jugular pulse
- usually normal '

; - sometimes there may be an enlarged "a" wave, or a notch on the rise following the
"x" trough.

| I1 - Dynamic study

| Pharmaco-dynamic studies are of particular diagnostic value in OMC
o 1) respiratory manceuvres : Valsalva manoeuvre

. - This is a "left” murmur, and so occurs only 4 to 5 beats after the end of the
manoeuvre.
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- Furthermore, unlike other murmurs, the OMC murmur is not reduced during the

apnoea phase and may even tend to increase.

2) Pharmaco-dynamic tests

a} amyl nitrite tests

- amyl nitrite increases obstruction murmurs and so increases both the intensity and

duration of the OMC murmur.

- in cases of mild murmur in the basal state, there may be an "explosion" of the

murmur which becomes almost holo-systolic, but does leave a free interval between
S1 and the beginning of the murmur (which distinguishes it from the infundibulo-
pulmonary murmur ) and between the end of the murmur and S2 (which distinguishes it
from stenosis of pulmonary artery branches).

- The shape of the carotid pulse and apexcardiogram may also be altered; tracings
which are normal in the basal state may take on the appearance of type I or II
and become characteristic.

- Corrected ejection time of the carotid pulse cardiogram is also increased even 1if
normal in the basal condition.

~ The A wave of the apex cardiogram is amplified (as is S4).

~ It should be stressed that the carotid pulse or the apex cardiogram may take on
the characteristic appearance of Type I following a long diastole (after an
extrasystole or during atrial fibrillation for example).

b) methoxamine test

- obstruction murmur or any accompanying mitral leakage reduce intensity, especially
in late systole and may even disappear.

~ the carotid pulse loses its typical appearance under this drug.

~ Time intervals

- Q81 : normal
- QA2 : generally prclonged

OVERALL, the diagnostic criteria for OMC are as follows:

- a midsystolic obstruction murmur, increasing markedly with amyl nitrite, but
always remaining distinct from S1 and S2, and with the peak murmur always following
the first peak of the carotid pulse or apex cardiogram.

- $4 and a marked A wave on the apex cardiogram reflect the obstruction.

- the carotid pulse and apex cardiogram may not always have the typical shape when
there is a type 1 Coblence, with a first peak always preceding the maximum systolic
murmur.,

- with regard to the timing, the increase of the corrected ejection time, particularly
with amyl nitrate, and the reduction of the time of ascent of the carotid pulse
are two concordant signs of great significance.

I i
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Figure 3
Typical mechanogram in aortic stenosis
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2 - AORTIC STENOSIS

Aortic stenosis (AS) 1is an obstacle to ejection from the left ventricle. It is
casily diagnosed ooth clinically and using a phonomechanograph but what is important
is to establish the extent of stenosis in order to guide therapeutic indications.

L8 Confirmation of the diagnosis of AS at the orifice
I - Static 1nvestigation
1) heart sounds
- sl : normal or reduced
- 82 : normal or reduced
- 83 : variable
- S4 : frequent.

- Frequent early-systolic ejection click; Higii .requency sound, of fairly short
duration {(less than 0.04 s), at the foot of the rising branch of the carotid
pulse cardiogram.

II - Dynamic

2) systolic murmur

- obstrnction midsystolic murmur, diamond shaped, arising away from Sl, and
not extending to the aortic component of S2; the beginning of the murmur
is simultaneous with th2 foot of the carotid pulse.

- Site: max!mum at the aortic focus, radiating into the vessels of the neck,
but sometimes maximum along the left sternal border.

- Better recorded at high frequencies
- Intensity increased after lona diastcles

3) carotid pulse cardiogram
a) shape
- There are two characteristic features

- The slowing of the rising branch, resulting in an anacrotic notch, with
the appearance of a vibrating plateau at the end of the rise.

. Catacrotic notch not prominent, followed by a dampened dicrotic wave.
b) timing
- Prolonged corrected ejection time
- Prolonged semi~ascension time (above 0.05 s).
4) apex cardiogram
- The important feature is the presence of an A wave

- The systolic curve varies, sometimes there is a slow rising branch suggesting
the anacrotic nature of the carotid pulse with a second peak higher than
the first.

5) jugular cardiogram

- Normal apart from a damping of the "c¢" feature and possible undulations
of the trough "x".

investigation

1) respiratory movements: Valsalva manoeuvre
- This is a "left” murmur and hence does not reappear until 4 or 5 pulsations
after the end of the manoeuvre.
2) pharmaco-dynamic tests
a) amyl nitrite test
-~ The systolic murmur increases in intensity and duration

- The ejection time of the carotid pulse cardiogram is only slightly reduced,
confirming the presence of a fixed obstacle.

-~ In practice, this method is of little use, in the diagnosis of AS,
b} methoxamine test

- This results in reduced intensity of the systolic murmur and releases the
end systole.

| II1 - Time intervals

- @Sl interval normal
- QA2 interval prolonged
- PEP/e~i ratio : reduced

| . B) Assessment of the degree of stenosis

I - The various criteria

1) heart sounds

- 81 is normal in incipient AS; it is reduced in intensity as the stenosis

develops and is barely detectable in very severe stenosis.

P
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- S2 in particular becomes less intense and may even disappear, not in relation
to the degree of stenosis but of the extent of the semilunar calcifications.

In very severe AS, PS tends to draw near to A2 and may even combine with it
to produce a paradoxical outburst at S2. At a more severe stage, P2 may
precede A2 and produce a paradoxical double S2.

- S4 : most authors consider the presence of this sign as a sign of severe
stenosis

- Early-systolic click: occurs in moderately severe stenoses; tends to disappear
in severe stenoses.

2) Systolic murmur

- The intensity of the murmur is not proportional to the degree of stenosis.

- During systole, the later the peak of the maximum murmur and the nearer the
end of the murmur to 52, the more severe the stenosis.

- It should be noted that in highly calcified AS there may be an accompanying
diastolic murmur.

3) Carotid pulse cardiogram

- The configuration does not indicate the degree of stenosis.

- The timing is of greater importance here

. The semi-ascension time 1s longer the more severe the stenosis: between
0.05 and £0.14 s.

. A rate~corrected ejection time greater than 120% (or 0.34 s) indicates
severe AS;

= this time interval is of no significance unless associated mitral
disorders (which would tend to reduce it) are absent

= it is a useful feature to monitor development of the stenosis;

= it returns to normal following surgical operation

. 4) Apex cardiogram

- The diastolic slope is normal initially. As the stenosis increases, an A
wave appears simultaneously with S4, and the F wave fades progressively,

- The systolic tracing is normal in mild SA and in severe SA presents an
anacrotic notch as in the development of the carotid pulse.

IN ALL, 5 criteria of severity are available:

- reduction of S1;

- presence of S4 and a prominent A wave on the apex cardiogram;
- late systolic murmur;

- extended corrected ejection time

-'extended semi-ascension time

N o N

II - Classification in function of the degree of stenosis

1) mild AS
- little or no change in heart sounds

- - early-systolic murmur, lasting less than 0.20 s, separated from S2 by
more than 0.04s, maximum during the first half of the systole;

- on the carotid pulse cardiogram: semi-ascension time less than 0.07 s,
) normal ejection time.

- apex cardiogram normal.

2) severe AS

, - changes in S2

- frequent early~systolic click, followed by maximum midsystolic murmur;

- Carotid pulse cardiogram: lengthening of the semi-ascension time to 0.07 s
or more , and of the corrected ejection time to between 110 and 120%

3 MITRAL DEFECT

Mitral defect results in a reflux of the blood from the left ventricle towards
K ' the left atrium during systole, following leaking of the mitral valves.
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Figure 4. Male 56 years Tracing 2

Static investigation

1) heart sounds

S1 : usually normal, but occasionally exaggerated in severe leakage.

$2 : usually normal
. sometimes exaggerated in hypertension:
. may be doubled, sign of severe leakage.

S3 : absent in moderate forms; this is a highly characteristic sign of
major leakage, and may be of greater intensity than the heart sounds.
S4 : variable
Mitral opening click (MOC): fairly frequent in severe leakage, debatable
significance.

2) murmurs '

a) systolic murmur

Constant regurgitation type;
Begins at Sl;
Holo-systolic in moderate and severe leakage, ending after A2;

In slight leakage, the murmur is partial: early to midsystolic, mid to late
systolic or simply end systolic;

Site: in general at the apex, radiating towards the armpit; but it may be
detected up to the aortic focus and even predominate there:

The murmur is best recorded at high frequencies;
The intensity is not proportional to the degree of leakage.

b} diastolic rumble
This is a functional AS rumble; 4
It begins at S3 or at MOC; )
It is a brief rumble, when recorded at MOC frequency;
Site: at the apex;
Moderate intensity:
Appears in severe incompetence

carotid pulse cardiogram
a) configuration




4)

Normal in moderate incompetence;

In severe incompetence there is a low sited catacrotic notch with a wide

dicrotic wave, producing a double isosceles triangle shape |

b) timing

Rate-corrected ejection time normal in mild incompetence,

incompetence;

1/2 ascension time normal;

apex cardiogram
Normal in incipient MR;

In severe incompetence, it undergoes
. large pointed symmetric (variable) F wave;
. wide L wave in MR due to torn chordae;
. systolic pattern normal or pointed.

5} jugular cardiogram

Mormal

6) Oesophageal cardiogram

- A vibrating plateau configuration between the "x"

7)

In summary, criteria of severity:

Helo-systolic murmur;
Accompanying diastolic rumble;

2.
S2;

Accentuation of S1 and

An intense and early S3

Carotid pulse in the form of a double isosceles

ejection time;

Apex cardiogram: wide pointed and early F wave.

- Dynamic Investigation

1) respiratory manoeuvres: Valsalva maneouvre

This is a"left"
after the end of the manoeuvre.

2) pharmaco-dynamic tests

102
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a) amyl nitrite test

Produces a reduction in the regurgitation systolic murmur which is particularly

c.ear in the late systolic period;

Produces a reduction in the
(reacts like a regurgitation murmur);

reduced in severe

characteristic changes:

trough and the "v" wave.

cardiogram with a reduced

murmur and so does not reappear until 4 or 5 pulsations

accompanying diastolic rumble where there is one

This test can therefore exclude any associated organic AS.

b} methoxamine test

Inversely this increases systolic murmur and transforms partial murmur into

a holo -systolic murmur.

The major effect is to reveal or accentuate the
systolic murmur.

- Time intervals

0S1 : normal (increased in massive incompetence)
QA2 : increased in severe incompetence

PEC 1 interval : prolonged

PEC 2 interval : prolonged

Pre-ejection period (PEP) : prolonged.

PULMONARY STENOSIS

late systolic component of

Pulmonary stenosis constitutes an obstacle to the ejection of blood from the

right ventricle into the pulmonary artery.

This is an essentially congenital valve disorder.

low output typel:
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A) Confirmation of the diagnosis of valvular PS,

I - Static investigation
1) Heart sounds

- S1 : normal
- 82 : characteristic changes: Doubling at 52 because of delayed P2
Reduced intensity of P2

- S3 variable and of no pathological significance in the young subject

- sS4 variable

- Early-systolic click: High frequency sound, short duration;
Recorded at the pulmonary focus during exploration;
Combined with S1 .

2) Systolic murnur

- Obstruction murmur, beginning at S1 or at the click, midsystolic, slowly
rising, ending at a variable distance from S$2:

-~ Site: pulmonary focus;

- Intensity variable, often severe;

- Recorded at moderate or high frequency. }
3) Carotid pulse cardiogram

- Normal

4) Apex cardiogram

- usually normal, sometimes slow systolic rise or even a prominent A wave.

5) Jugular cardiogram

- "a" wave normal or wide;

- "y" depression normal;

- P2-v interval shortened.

I1 - Dynamic investigation

1) respiratory manoceuvres
a) inspiration - expiration

- Theoretically the PS murmur increases during inspiration and decreases during
expiration. )

- This manoceuvre may sometimes distinguish between a mild PS and a mild AS.
b) Valsalva manoeuvre
~ This is a "right” murmur and so reappears almost immediately at the end of
the manoeuvre.
2) pharmaco-dynamic tests
a) amyl nitrite test
- The systolic murmur increases in line with the intensity, but late (in late
systole) and may encompass A2.
b} methoxamine test

- Reduces the intensity of the murmur, especially in late systole.

IIT - Time Intervals

- Left time sequence normal

- Right ejection time increased, but not detectable.
5 -~ AORTIC COARCTATION
Aortic coarctation is equivalent tc a stenosis at the beginning of the descending
aorta, prcducing a distal obstacle to the ejection of blood from the left ventricle into
the peripheral arteries.
SUMMARY OF DIAGNOSTIC FEATURES :

- Early systolic click;
- Early to midsystolic obstruction murmur which may last beyond A2;

- Femoral pulse abnormally delayed relative to the carotid pulse.
I - Static investigation

1) Heart sounds




- S1 : normal

- S2 : A2 often accentuated

- 83 : absent

- S4 : variable, related to hypertension

- Ejection early-systolic click frequent, at the aortic focus.

2) Murnurs
a) Systolic coarctation murmur

- Larly or mid systolic coarctation murmur begins away {rom Sl1, and reaches or
may even extend beyond S2;

- In severe forms, the murmur may last right through to mid--: ale, preoducing
a systolo-diastolic murnur;

- Si1te: left parasternal, but often also in the back, alon e scapula;

- Hoderate 1ntensity, in contrast with the very extensive si

b) Associrated systolic murmurs

- Often an carly systolic murmur is recorded at the aortic { 3 Je to an AS }
which may be functional or organic and congenital;

- Less commonly, a congenital MR or vy: murmur may be detectea at the apex;
¢) Diastolic murnurs
- Sometines a pre-diastolic AR murmur is detected at the pulmonary focus:

This may be either functicnol or crganic and congenital.
el

- Occasionally, an 'R rumble may be detected at the apex: this may be functicnal
cr organic and congenital.
dr Systolo-diastolic nurmur
~ Apart from severe coarctation, oae murmur may be due to the persistance of
the ductus-arterios:s

To conclude, the rost common form is the partial and isolated systolic murmur

31 Carot1d pulse
- Usuyaily normal; sometimes with a lobster claw shape with a high 2nd peak ‘

- Timing:  corrected ejection time prolonged and 1/2 ascension time normal.

11 Recording of the femoral pulse

- Very usefuls This presents an abnormally late beginning and peak as compared
with those of the carotid pulse. The more severe the stenosis the greater this
delay {ygreater than 0.09 s); the femoral crest occurs before the catacrotic
notch of the carotid pulse cardiogram (instead of after it).

5) Apex and jugular cardiogram: normatl

Il - Dynamic i1nvestigation
1) Anyl nitrite test
- The systolic coerctétion murmur increases in intensity and duration like all
obstruction muriwurs.
2) lethoxamine test
- The intensity and duration of the muriur are reduced.

- The test may reveal an associated MR, AR or \&D .
6 - ATRIAL SEPTAL DEFECT

Atrial septal defect (ASD) 1s an abnormal communication between the two atria
resulting in a left-right shunt, It is a congenital condition.




1

Static

Figure &

1iild atrial septal defect
Midsystolic murmur with double S2

1nvestigation
1) lieart sounds

- 51 : Sl doubled: variable , no diagnostic value

Intensity increased: variable, {a sign of considerable flow in the )
shunt) ;
- §2 : S2 doubled: regular and large, generally 0.04 to 0.06 s; '
Intensity of P2 : normal or increased (in pulmonary hypertension).
- S3 and 54 : variable

- Early sysitolic click: wvariable, more frequent and more intense if there is
pulmonary hypertension.

2) Systolic murmur

- Barly to midsystolic obstruction mu mur, often mild, separated from Sl
but may extend to A2;

- Site: maximum at pulmonary focus, often radiating towards the apex;

- Recorded in moderate and high freguencies;

- No correlation between the intensity or shape of the murmur and the extent
of the shunt.

3) Drastolic signs

- Early diastolic tricuspid opening click, difficult to differentiate from S3,
simultaneous with the "v” wave of the jugular venous pulse: variable .

- Functional TR rumble, simultaneous witn the "y" wave of the jugular venous

pulsoc: occurs in major shunts: variable

- Early diastolic functional « murmur, in cases of clear pulmonary
hypertension (Graham Steell murmur): variable

4) Carot:id pulse : normal
5) Apex cardiogram
- Normal somectimes with a prominent A vave

6) Jugular cardiogram

- "v" wave greater than "a" wave: variable, with the a/v ratio less than 1.,

- "a” wave yrominent in pulronary hypertension.




II - Dynamic investigation

1) Valsalva manoeuvre

2)

ASD reacts like a "right" murmur, and therefore reappears almost immediately
following the end of the manoceuvre.

Pharmaco-dynamic tests

a) Amyl nitrite test

The response is variable, the systolic murmur is usually increased.

b) Methoxamine test

The response is variable.

111 - Assessment of the extent of the shunt

1) Suggesting a minor shunt

Tightly grouped, doubled S2 {less than 0.05 s): but variable
No diastolic signs,no $3 and no S4.

2) Suggesting a major shunt

More frequent doubling of Sl
Presence of one or more diastolic signs, of 83, of S4.

IV - Assessment of the extent of pulmonary hypertension

Suggesting considerable pulmonary hypertension:

reduced doubling of S2, possibly even fused with a large P2;
frequent early-systolic click;
intensity and duration of systolic murmur reduced ;

jugular venous pulse: large "a" wave and prolonged P2-v interval ;

sometimes functional RP murmur.

V - ASD anatomy

1

2

3

} Distinction between ostium primum - ostium secundum

Cannot be distinguished by phono-mechanographic methods.

) ASD plus RP

Wide doubled S2, P2 weak or absent;

Systolic murmur with maximum mid or late systole;

Short P2-v interval (less than 0.04 s};

The RP usually dominates the tracing and may completely mask the ASD.

)} ASD plus abnormal pulmonary venous return

- Very difficult to distinguish by phonocardiography.
- The most that can be detected is a fairly variable doubling of S2 with

4

respiration.

) ASD plus MS: Lutembacher's syndrome

- Very rare; the ASD obliterates the signs of MS.
- The signs to look for are a late diastolic rumble extending to Si,

an extended QS , and a continuous murmur at the end apex.

7~ VENTRICULAR SEPTAL DEFECT

Ventricular septal defect (VSD) is an abnormal communication between the

two ventricles resulting in a left-right shunt. It is usually congenital.

Sl A
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Figure 7

I - Static 1investigation
1} Heart sounds

- S1: normal or doubled
- $2: Doubling of S2: frequent but variable; tends to disappear in VSD with
pulmonary hypertension:
Accentuation of P2 in function of the extent of the shunt.
- 83 and sS4 : variable.

2) Systolic murmur

- Holo-systolic regqurgitation murmur, beginning at the first component of Sl1,
may extend beyond A2; may be a midsystolic strengthening; the murmur may be
partial;

- Site: left parasternal, radiating throughout the precordial area;

- Recorded at all frequencies .

3) Carotid pulse
- Normal in mild Vi.;
- Pronounced catacrotic notch followed by a wide dicrotic wave in major shunt.

4) Apex cardiogram
- Diastolic slope: Wide F wave followed by variable diastolic bulging; A wave
not prominent .

- These signs result from left ventricular diastolic overload.
5) Jugular cardiogram: normal

II -~ Dynamic Investigation
1} valsalva manoeuvre

- This is a "left" murmur and therefore reappears only 4 to 5 pulsations after the
end of the manoeuvre.

2) Pharmaco-dynamic tests
a) Amyl nitrite test

- The intensity of the systolic murmur is reduced especially in end-systole and
may encompass S2.

III - Time intervals

- Q5 1 and PEC 1 normal (unlike MR) ; however QSl may be prolonged in major shunts

i
|
|




- Left ventricular ejection time normal or reduced {(right ejection time
increased, but cannot be determined).

We rote that the hearing may frequently be misled when determining the origin
of a systolic murmur: the expert examining flying personnel should carry out catdiac.
mechanograms when faced by any systolic murmur. Such tests make it possible to classify
the murmur and in some cases to determine the severity of effects.

: *Infundibular ° Cardio- ; as ‘' omc M ¢ as» ¢ vsg ¢ PR °
. :pulmonary : pulmonary  : : : : : : .
) murmar . urmur . . : : . .
Phono *Right ‘variability ‘Left ‘Left *Regurg- Right ‘Left  ‘Right
icardiogram Obstruction .Obstruction Obstruction  itaticn  Obstruction Regurg- Obstruction
s : : : : : titation * :
Carotid : :1) Abnormal : : : H : :
tpulse . . shape . R . N . N . N
cardiogram, N : N *2) Abnormal ° Bulge H N H H H .
: . , time : : : : .
: : : ' gequence ° : : : : :
° : : : 1) Bifid : : : H
cardiogram: N N A wave 2) A wave F wave N N N :
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We have analysed the mechanograms in systolic murmurs; they are also helpful
when investigating the repercussions of diastolic murnmur. However, this aspect lies
outside the scope of this article on the expert examination.

IIT - THE CAROTID PULSE CARDIOGRAI! AND ARTERIAL ELASTICITY

It would seem highly interesting to attempt to assess the elasticity of the
arterial wall by a physical method such as the carotid pulse cardiogram.

The carotid pulse is recorded using a variable inductance detector. This method
is non-invasive easily carried out and easily reproduced at subsequent expert examinations
of the flying personnel. The normal carotid cardiogram consists of a rapid rise (pulsion

wave) followed by a descent {(reflexion wave) ending in the catacrotic notch, which is
followed by a second or diacrotic wave.

Two types of change occur with age:
those affecting the configuration and those affecting the I |A ratio.

a) Changes of configuration

With age the shape of the carotid pulse changes, the rise becomes slower
and the second systolic crest moves along the descending segment and may even occur
after the first peak resulting in an anacrotic-type tracing.

Together with PERNOD, we studied the carotid cardiogram of 1000 patients
in function of age group (each group covering a ten year span). This anacrotic type
is unusual in the 18 to 29 year age group, occurring in only 0.34 %,

This type rises slightly in the 30 to 39 year age group (2.80 % ) but in the
40 to 50 year age group there are 14.25%. Hence 15% of the pilots aged 40 years
present anacrotic type tracing which reflects changes in the elasticity of the arterial
wall.

\
}
i
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Figure 8

I/A ratio of a normal carotid cardiogram

b) Investigation of the I/A ratio

other changes also occur with age, including the ratio of the height of the
notch (1) over the amplitude of the pulse wave (A) which is increased. With NOGUES
we determined this I/A ratio in 250 pilots. In three age groups the ratio was found
to rise with age.

Group one: number of subjects : 100 (age 17 to 29 years) - Mean age : 21 years

=m 2l + 2 m 21 = 0.437 + 0.020

D
|

Group two: number of subjects : 70 (age 30 to 52 years) - Mean age: 41 years

=m 41 + 2 m 41 = 0,569 + 0.023

Pl

Group three: number of subjects : 80 (age 32 to 78 years) - Mean age : 53 years

= m 53 + 2 m 53

0.586 + 0.020

Dl

By means of a study involving a hydraulic model NOGUES was able to show
that the I ratio of the carotid cardiogram (i.e. the ratio of the height of the catacrotic
notch A over the amplitude of the pulse wave) reflects the elasticity of the arteries.

In practice, this ratioc increases when the elasticity of the hydraulic
system falls or when the peripheral resistances rise; for a given diastolic pressure,
the I ratio increases if the elasticity of the walls of the model are reduced or if

the A resistance during each action increases. The loss of arterial elasticity
therefore appears to be linked with one of the following:

- either a degenerative parietal factor specific to the segment tested,
- or to a peripheral factor, obstructing the flow of the liquid.

In this model, the amplitude of the dicrotic wave would appear to be reduced the
lower the arterial elasticity.

This once more draws attention to the usefulness of investigation of the I
ratio of the carotid cardiogram which provides a rapid method of assessing the A
elasticity of the arterial system.

IV - CHRONOCARDIOGRAPHIC STUDIES

Since the intervals of the chronocardiogram depend on the extent of myocardial
damage, it is logical to investigate the possibility of correlation between the various
intervals and the haemodynamic data provided by cardiac catheterisation and ventricular
angiography. This was carried out by:

WEISSLER (1970) and ARONOW (1971, in the investigation of the contraction of
myocardial muscle.
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But before considering their work, we should recall the various determinations
carried out during chronocardiography .

T.l: electromechanical interval from point Q on the electrocardiogram to point C on
the apex cardiogram.

T.2: or the preexpulsive interval extending from point C on the apex cardiogram
to point E on the carotid pulse. This preexpulsive interval can be divided
into two parts: T2A or the preisometric contraction from point C of tte
apex cardiogram to the closing of the mitral valve i.e. to the first high
speed component of S1 and PQS on the phonocardiogram or the isometric
contraction of mitral closing or point E on the carotid pulse.

T.3: or the systolic ejection time from point E co the catacrotic notch of the
carotid pulse cardiogram but these determinations must be corrected to allow
for the heart rate.

CAROTID
PULSE

LEFT
VENTRICULAR

PHONO

T3 varies inversely with the heart rate. Using WEISSLER's regression equations we
can calculate the following:

7.3 = T.3 + 1.7 R.R.

In this equation, the normal T.3 is 413 + 10 ms (normal extrapolated value
for zero heart rate). Using the PERNOD and CARRE grid, which is based on the linear
relationship between T.3. and R.4. we obtained the following:

7.3° = 1.02 T.3. + 195.4
However, when investigating the relationship between HR and T.3 in a large

number of healthy subjects, COLIN and CARRE reqularly detected a linear correlation
different from that obtained by WEISSLER. 1In 1978, they sugested the following correction

formula:
7.3 =T + 1.4 R.R.

The normal range for 7.3° is 3 x T.3 4+ 13.3 ms.
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These three time intervals determined using classical external mechanography
have been confirmed by comparison with invasive methods. Studies carried out by
numerous authors have provided similar results.

T.3 external and T.3 invasive have been studied in particular by BORSH, MARTIN,
VAN DER VERF. The T.3 determined from the cvarotid cardiogram was compared with the
simultanecus recording of the blood pressure at the base of the descending aorta by a
catheterisation method. The coefficients of correlation ranged from 0.97 to 0.99 depending
on the author, the invasive T.3 was generally 3 to 4.5 ms shorter than the non-invasive
T.3.

The valicdity of determination of the total electromechanic systole from the
interval T.l1 + T.2 + T.3 has been established by ANASTASSIDES and BROUGE ( experiment
in the dog, correlation of coefficient 2 = 0.90).

The validity of the determination of T.2 by an external method has also been
established by comparison with an invasive determination by BUSH and [IETZGER who obtained
correlation coefficients of 0.94 to 9.98. The value of determining these systolic time
intervals has been demonstrated.

METZGER has shown that the preejection period is closely related to the
1sovolumetric contraction time, the electromechanical 1interval being relatively constant
between 30 and 40 ms. AHMED has also shown that there is good correlation between the
value of T.2 and the maximum speed of pressure change in the left ventricle. The T.2/T.3
ratio is very important in evaluation of the myocardial contractility. According
to WEISSLER, this is closely correlated with the cardiac index. It is also more sensitive
than this index and may detect abnormalities before these are apparent from the cardiac
index (LEWIS).

GARRAND has shown that the T.2/T.3 index also shows excellent correlation
(2 = 0.90) with the angiographic ejection fraction. Determination of the systolic time
intervals applied and analysed in this way provides a sensitive clinical evaluation of the
degree of deterioration of the performance of the left ventricle. This method is easily
reproducible and quantitative.

This method has been used in aeronautical medicine, STAFFORT used it to
investigate circulation changes induced by changes in body position. GRAYBOYS used the
method to investigate cardiovascular response to the lower body negative pressure test
and to accelerations + G 2 (the heart rate, T.3, 5.2 and T.2/T.3 ratio increase in
proportion to the level of acceleration and return to normal values after 60 s of rest).
With FITCUSST the authors used this method during physical exercise and have shown the
value of the T.2/T.3 ratio in assessment of physical fitness from a cardiovascular point
of view. But this well documented method does have some drawbacks. The carotid sensor
is difficult to fit and only the left heart is investigated. For this reason COLIN, after
correlation with cardiac mechanograms, suggests that the systolic time intervals be
determined by means of cardiac plethysmography involving electrical impedance. This
elegant, simple and non-invasive method is being checked and will probably be of great
value in aeronautical and space medicine.

1
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CHAPTER 7

ECHOCARDIOGRAPHY IN THE EXPERT EXAMINATION
OF FLYING PERSONNEL

by J. Droniou* and A. Coignard**

Internal cardiac structures can be visualised by means of echocardiography
because an ultra-sonic beam can be reflected by these structures. This method was
introduced into clinical practice in the 1950's and developed with extraordinary rapidity
to become an essential examination in Cardiology.

It is non-invasive and relatively simple and so can be repeated as often
as required. The method is also highly sensitive and reliable when used by experienced
personnel and so merits an important place in the expert cardiological examination of
flying personnel.

1. / GENERAL REMARKS /

I.1 The principle of echocardiography

Ultra-sound (US)} is an oscillation inaudible to the human ear because of
its high 2quency (20,000 to 10 million cycles per second, i.e. 20,000 Hertz to 10 Mega-
Hertz). ~.2 propagation of a US beam depends on the acoustic properties (acoustic
impedanc: ! of the media through which it passes. If the beam encounters media of differing
acoustic impedance, its path undergoes reflection and refraction phenomena.

One fraction of the beam is refracted, i.e. continues its path following
deviation. The other fraction is reflected and this gives rise to an echo at the interface.

This property is the basis of echocardiography which sets out to capture
the beams reflected by the cardiac structures and to visualise the corresponding echos.
This is possible because ultra-sound is well propagated in the soft tissue of the human
body just as in water.

1.2 Transducers

The ultra-sound (US) source or transducer also acts as a receptor. It
consists of a piézo-electric quartz slide which, under the action of a high frequency
electrical wave generator vibrates at the same frequency as the changes in potential.
Emission is discontinuous consisting of short bursts of waves. Between two successive
emissions the system acts as a receptor: the quartz transforms the vibratory energy of
the reflected beam into electrical potential variations of the same frequency.

The impulse frequency determines the number of images of the cardiac
structures received per second: 1,000 in one-dimensional ultra-sound, 30 to 60 in two=-
dimensional ultra-sound.

The US radiation frequencies used in cardiology are of the order of 2.2 to
3.5 Mega-tertz in adults and 5 to 7 Mega-Hertz in children.

I.3 Visualisation of reflected echos

After transformation of the acoustic signal into an electrical signal,
the electrical signal is amplified and then recorded by a suitable instrument: oscilloscope;
television screen equipped with memory, fiberoptic recorder. There are several types

of echocardiography depending on the type of transducer used and the method of visualising
echos.

* ii¢decin en Chef, Chef du Service de Cardiologie
de 1'HOpital d'Instruction des Armées du Val-de-Grace.

** Médecin en Chef, Médecin Adjoint du Service de Cardiologie
de 1'HOpital d’'Instruction des Armées du Val-de-Grice.
74 Boulevard de Port-Royal,
75230 PARIS CEDEX 05
FRANCE.
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1.4 One-dimensional echocardiography

This involves a single transducer emitting one US beam. The echos can
be represented in three ways (See Figure })
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I.4.a A Mode (amplitude modulation ultra sound)

The Echo reflected from an interface is displayed on the oscilloscope as a
bright pip the amplitude of which is proportional to the energy of the reflected beam.
Its position on the X-axis depends on the distance of the interface from the transducer.

Ultra-sound travels at a constant speed of 1500 metres per second through
the soft tissues of the human body and so the X-axis can be calibrated by measuring the
time taken by the ultra-sound beam for the return journey between the transducer and the
echos.

In this mode of echocardiography, cardiac structures are in practice defined
only by their relative positions on the X-axis.

1.4.b B Mode (brightness-modulation ultra-sound)

The reflected signal is displayed as a bright dot, the brightness of which
1s proportional to the intensity of the reflected signal.

I.4.¢c M Mode (Time-motion ultra sound)

The echo is recorded in the B mode presentation. Cyclic approach and
withdrawal of the echos from the probe during the heart cycle are visualised in function of
time by means of a constant speed chart recorder. Synchronised recording of the electro-
cardiogram, the phonocardiogram or an external mechanogram provides time scale references.

Time-motion ultra sound is widely used. Cardiac structures are identified
both from their distance from the transducer and the characteristic curve produced by their
motion in function of time. The good definition of time-motion electrocardiograms makes
possible highly accurate quantitative investigation of the amplitude and speed of movement
of cardiac structures.

The main drawback of the time-motion mode resu.ts from the fact that the
heart 1s visualised only in a very limited zone a:ong the access of the single exploratory
beam. Exploration of neighbouring zones require the gradual shift of the angle of the
transducer in the method known as the compound scan. It is therefore difficult to determine
the spatial arrangement and relationships betweern the various cardiac structures.

1.5 Two-dimensional Echocardiography

This method provides dynamic echotomographic sections through the heart.
Various technical approaches have been suggested. We will outline the principles behind
the two major methods, which provide extremely rapid reconstitution of sections of the
heart in motion, virtually in real time (see figure 2),

This method was developed following the work of Bom and uses an array of
20-60 transducers placed side by side. One after the other the transducers emit discontin-
uously. The corresponding echos are presented in the B mode before the emission of the
following transducer. If the emission frequency is sufficiently high (20 to 60 impulses
per second) tomographic sections are obtained virtually in real time. The records obtained
using this technique are of fairly poor quality in the adult.

This method involves one or more transducer(s) carrying out angle-sweeping
movements between 60 and 90° with a scan frequency of 30 to 60 cycles per second. The
scan may be regulated by mechanical or electronic means. Thus the B Mode presentation
provides visualisation of triangular sections through the heart virtually in real time.
Image definition is excellent but however, less good than using the time-motion method
particularly with respect to the endocardium which is less well imaged.

|
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I.6

I.6.a

Real Time Echocardiography
1. Multiscan
2. Sectorscan

(After LESBRE)

D = o

Figure 2

Other electrocardiographic methods

Blood, which is a homogeneous medium from the purely acoustic point of view,
does not reflect ultra-sound. Rapid injection of a liquid bolus (physiological
serum) into a peripheral vein results in the formation of microspheres within the
liguid flow. These microspheres are preserved into the right cavities of the
heart. By changing the homcgensous acoustic nature of the small volume of blood
containing them,they produce echos which can be detected by time-motion or two-
dimensional ultra-sound, We will not discuss this method any further which 1s
used essentially in cases of right, left shunts or tricuspid incompetence.

This method has recently been introduced into clinical practice and makes
possible the simultaneous recording of the time-motion electrccardiogram and the
characteristic curves of the blood flow analysed by the Doppler effect at an exact
site within the cardiac cavities using a single transducer. fThe position of a
small volume of blood analysed (2 x 5 mm) is detected on the electrocardiogram by a
marker (the Doppler window) . The exploration is guided by means of Doppler sound
recording.

The pulsed Doppler method provides qualitative analysis of pathological or
physiological intra-cardiac blood flow. Attempts to determine the speed have met
with a major obstacle: the absence of information concerning the angle made by
the ultra-sound beam with the direction of the blood flow, this information is
essential to the calculation of the speed.

i
i
}




Electrocardiography can determine some data concerning left ventricular
function. For some of these indices manual deciphering of the recordings 1s lengthy
and this restricts their use. This consideration has led to the routine use of
micro-computers. The echographic recording is placed on a numerical graphic
table. As the operator moves a sensitive pencil along the echos under analysis,
the corresponding graphs are converted into numerical form and simultaneously
processed by the computer. Results are provided in the form of numerical and
graphical data. Some echocardiographic systems are marketed with a micro-
computer built in. Rather than such an assembly which is convenient but restricted
and expensive, an independent and adjustable system may be preferred which can be
adapted to the input and processing of highly varied signals.

1.7 Limitations and general perspectives

I.7.a  General Limitations
These result mainly from the restriction of ultra-sound propagation in the

tissues of the thoracic wall. Some subjects have narrow intercostal spaces which
hinder this examination (since the ultra-sound is reflected by the bony structures)
This method of exploration is difficult in patients with emphysema because of the
presence of air, which has low ultra-sound permeability, between the wall and
the heart. The method is also difficult to use in elderly, obese or highly
muscular subjects.

This means that the examination may sometimes be lengthy and may provide
an echocardiogram of poor quality which increases the risk of errors of inter-
pretation and which is unusable for accurate determinations.

Despite this, the ultra-sound method is advancing at a spectacular rate. The
definition of real time images should continue to be improved over the coming
years. Pulsed Doppler echocardiography is beginning to be coupled with real
time ultra-sound and this makes it possible to determine the volume of blood under
study more accurately. The use of Doppler systems with multiple windows, and
visualisation in the form of colour scales of the blood flow obtained are
improvements which can be expected in the near future. Computerised three-
dimensional echocardiography is currently under study.

II / THE NORMAL ECHOCARDIOGRAM /

Whatever mode of echocardiography is used the patient is examined in the
dorsal decubitus or slightly left lateral decubitus position. The transducer is applied
using an alr-impermeable conducting paste:

- either on the internal part of the 3rd or 4th left intercostal
space (standard parasternal incidence)

- or in the sub-xyphoidal region (the suprasternal or sub-clavicular
fossa) at the apex tap.

I1.1 T.M. Echocardiography (TME)

The standard parasternal incidence is usually adopted, the others being used
either because it has failed or in order to give preferential visualisation of
certain structures. They may also be used in the case of pulsed Doppler in order to
have an ultra-sound beam roughly parallel to the direction of the blood flow under study.

In the standard parasternal incidence, the transducer explores the heart
through a narrow window delimited by the sternum and the ribs above and below.
The cardiac structures are visualised at an angle similar to left anterior oblique (LAO)
of angiocardiography (See figure 3).

There is a standard method of examination: after visualisation of the
echo characterising the mitral valves, small shifts in the angle of the detector are used
to select other incidences., The examination must include an aorta-apex scan and a
return scan during which the angle of the recorder is gradually shifted without changing
intercostal space, in order to visualise the usual positions successively (1-2-3-4).




f.l.a Trans-Mitral incidence

This 1ncidence provides visualisation of the anterior mitral valve
t2A, figure 3) or of both flaps of the mitral valve (2B, figure 3) which i
underga a highly characteristic movement (figure 4)

Figure 4 : )
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During systole, the echos from both valves are applied one over the other
to produce a single horizontal or slightly rising line CD. During diastole,
the valves move in the other direction, to produce a mirror image: the
anterior flap (AMV) moving forwards towards the septum, and the posterior flap
(PMV) backwards towards the posterior wall. During this diastolic pathway the
AMV treces an M-shaped movemer -, and the postertior flap a W-shaped movement to
return ~nd meet again at point C where the mitral valve closes. In the normal
subject, point C 1s nearer to the posterior wall than to the septum, The
movement of the PMV 1s equivalent to about one-third that of the AMV.

Table 1 provides an indication of the normal ranges of values :n the adult
and of the significance of parameters measured in this incidence.

TABLE 1

NOIENCLATURE AND SIGNIFICANCE OF CHANGED MOVEMENT
OF THE AMV

NOMENCLATURE SIGNIFICANCE FACTORS INVOLVED NORMAL RANGE OF
MEAN VALUES
D Systolic closing of the Anterior shift of the -
flaps mitral ring
DE Armplitude of maximum - elasticity of the
opening of the AMV valve 20-33 mm
~ atrioventricular
gradient and trans-
mitral flow
EF Slope Mean rate of proto - elasticity of the
aiastolic closing of valve 75-150 mm/
the AMV - AV gradient and s0C.
(rapid filling of the transmitral flow
Lv) - LV compliance
FA Slow filling of the LV - -
A Presystolic reopening - atrial contraction _
of the AMV - elasticity of the
valve
AC Slope Rate of closing telediastolic LV pressure 125-250 mm/
sec.
IT.1.b Aorta-left atrium_incidence
This incidence (1l°figure 3) visualises from above downwards, i.e. from the

front to the back relative to the transducer, the pulmonary infund ibulum, the
root of the aorta with the antero-right and posterior semilunar valves, and the
left atrium (figure 5).

Echos from the anterior and posterior walls of the aorta undergo parallel
displacement, forwards during systole and backwards during diastole, The
semllunars, are closed during diastole and the echo 1s narrow, more or less
mecdian and parallel to the aortic walls. During systole, the valve flaps are
lai1d back against their respectivec aortic walls. They open and close suddenly
{rectangular-shaped "boxed").

This incidence provides a reliable determination of the transverse
diameter of the infundibulum, of the aortic ring and of the left atrium (LA},
carried out during telesystole. The determination of the se~ilunar opening
1s less reliable since it depends on the angle of incidence of the US beam.
Table 1! summarises the main parameiers determined in this incidence and the
ranage of normal values 1n the adult.
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TABLE II PARAMETERS DETERMIUED IN THE ACYTA-LA INCIDENCE
PARAMETER Determinat:on Normal value
Internal diameter of the distance between the two walls 20-37 mm
wrtic ring during telesystole
Thickness of the aortic
walls - €5 mm
b
Distance travelled hy the distance between the tele- 7-10 mm
aortic walls systolic advance and tele-
diastolic withdrawal of the
wall
Semilunar opening during protosystole 16~26 mm
Transverse LA diameter distance between the post- 19~40 mm
aortic wall and the posterior
wall of the heart during
telesystole
Diameter of the during systole 20-3% nm

pulmonary infundibulum

LV ejection time

from SO to SC

Ejection time corrected
as a percentage of the
normal (100%)

(Meyners Tables)

Pre-ejection period

Time between the ECG Q-wave
and SO

.04 + 0,02 sec.

lieart rate 70/mn)




IT.l.c  subomitral incidence
From the mitral incidence, the transcucer is turned slightly towards the
apex so that on'y vart of the rapid opening of the AMV remains within the
path of the beam (incidence 3 figure 3). The right ventricular cavity(RV}
and the left ventricular cavity (LV) which are separated by the septum are
visualised from front to back (figure 6}. The septum and the posterior
wall of the LV approach one another during systole and move apart during
diastole.
Figure 6
* -
_ —~ - AW
R : ;."; —— -
DDRV RY
TD (Q or R wave)

This incidence can be used to determine the transverse diameter of the
left ventricle during telediastole (DTLV) and during telesystole (STLV) between
the left odge of the septum and the posterior endocardium. The telediastolic
diameter of the RV (DTRV), the telediastolic and telesystolic thicknesses of too
septum (DTS, STS) and of the posterior wall (DTpW, STPW) are also determined.
Figure 6 shows the way in which these various parameters arc Jetermined and the
normal ranges of values are shown in Table 11T,

. TABLE III PARAMETERS DETERMINED IN THE SUB-MITRAL INCIDENCE

PARAMETER Normal range of values in

the adult
Telediastolic diameter of the LV 37-56 mm
{DDLV)
Telesystolic diameter of the LV 25-40 mm
{SDLV) h
Telediastolic thickness of the septum 6-11 mm
(DTS) and of the posterior wall (DTPW)
DTS/DTPY ratio N
—
Telediastolic diameter of the RV (DDRV) 30 mm
1n dorsal decubitus 7-23 mm
in lateral decubitus 9-26 mm
\ Systolic path S 4-8 nm
P 9-14 nm

L e “
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I1.1.4  Other incidences
- Tricuspid: the movement of the anterior and septal leaflets has the same
form as that of the mitral valves. lowever, in the normal adult, usually
only part of the systolic movement and the protodiastolic opening of the
anterior valve is visualised (gull wing shape).

- Pulmonary orifice: the pulmonary valves are easily detected in the child.
In the adult, the posterior semilunar may sometimes be visualised usually
only during its diastolic path.

I1.1.e Aorta-apex_scan (figure 7)

This checks the continuity of the septum with the anterior wall of the aorta,
of the AMV with the posterior wall of the aorta, and of the posterior wall of
the LV with that of the LA. The upper part of the septum moves in unison
with the aortic wall (forwards during systole}.

>"?/_ i . . - X R - . !
AL a2 v- v % . ‘ il g . 3 )

11.2 Two-dimensional Echocardiography (2DE)

This can provide a variety of echotomographic sections through the heart some
of which standardised.

IT.2.a Standard_parasternal_incidence

Two section planes are possible:

a) sagittal section through tic main axis: figure 8 shows the cardiac
structures visualised over-zll and in real time in this incidence.
Using a 90° sector scans:., only the very tip is missing from the
overall visualisation. : semilunar valves, laid flat against the
aortic walls during systole ¢re visible during diastole (narrow median
echo). The mitral and aortic rings are at an angle of 95 to 110°
open towards the apex. The arca of systolic meeting of the mitral
leaflets is at the junction between the posterior third and median !
third of the posterior-wall septum line. The angular movement of both
valves can be studied, the ieaflets never go further than the plane of
the mitral ring.
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b)

transverse sections through the short axis : these may be carried
out at three levels (figure 9). The section through the large
vessels provides information concerning semilunar opening. The
section through the mitral system shows the concentric contraction
of the LV and allows calculation of the area of the mitral orifice.
The third sectior is through the mitral pillars.

-?PIGURES 9A-98B-

9B
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11.2.b Apical_incidence

The transducer 1s placed on the apex tap with the subject in the left
lateral decubitus position and the ultra-sound beam 1s directed towards the
atria.

a) the four cavity section (fiqure 10 A) 1s perpendicular to the
septum. The septum 1s clearly distinguished as are the mitral and

tricuspid valves, and ihe ventricular and atrial cavities,
In this section, the lateral wall of the LV can be investigated

b) The LV-LA section (figure 10 B) is obtained by turning the transducer

until the RV disappears. This gives good visualisation of the
anterior and posterilor walls of the LV, of the mitral system and the
LA.

Figures 10A and 10B

10 A 10 B

11.3 Pulsed Doppler echocardiography (PDE)

An example of a normal recording is shown in figure 11A: the Doppler window is
sehind the anterior tricuspid valve. The normal diastolic transtricuspid flow is
visualised and is seen to be free from turbulence. The absence of anv systolic flow
1: confirmed. This picture should be compared with that of figure 11B with the Doppler
window in the same position , Fig.11B shows tricuspid incompetence taking the form of
holosystolic flow turbulence in the right atrium.

111 /7 ECHOCARDIOGRAPHY IN LEART DISEASE /

Echocardiography can be used both to identify anatomical lesions, sometimes
with the mechanism i1nvolved, and also to assess their haemodynamic effects and the
functional condition of the myocardium.
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II1.]1 Haemodynamic effects and myocardial function
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ITI.l.a  Haemodynamic effects of pathological heart conditions
The characteristic echocardiographic signs are present only in advanced
and/or established heart disease. Despite this lack of specificity, especially
i
:
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during the decompensation phase, they ¢an qive some indication of
the type of heart discase involved.

This method provides an accurate assessment of the dilatations of the LV
and LA cavities and (often with less success) of the RV. The method also
determines the thickness of the walls and thelr Kinetics. In this way various
clectrocardlograpnic syndromes have been described which correspond to severe
but st1ll compensated heart diseases.,

VOLUME OVFERLOADING OF THE LV (figure 12) 1is reflected 1n an increasc
in the telediastolic diameier and 1in hyperkinesis of the walls, detected from the
length of the pathway of the septum ard of the posterior wall. The conscguence
of such overleading 1s increased cjection 1ndices (sece below).

Figure 12

PRELSSURL OVERLOADING of the LV (figure 13) involves hypertrophy
of the walls with a small cavity (reduced or normal DDVL). The concentric
naturc of the hypertrophy 1s shown by a symmetrical increase i1n the diastolic
thicknesses of the septum and of the posterior wall, the DTS/DTPW ratio

remaining below 1.3. The EF slope of the AMV, is cften reduced, reflecting
hampercd filling of the LV, the elasticity (corliance) of which 1s
reauced.
VOLUME OVERLOADING OF RV results in an increase in the TDDRV, and
a paradoxical movement of the septum which during systole, moves forward
in the same direction as the posterior wall (figure 14). Similar abnormalities

in the movement of the septum may be detected during complete left bundle
branch blocks and in type B WPW syndromes. In the dilated RV, the tricuspid
valve is often visualised with abnormal ease and completeness.

Pressure overloading of the RV is much less clearly characteriscd.

DURING THE DECOMPENSATION STAGE of heart disease affecting the left
ventricle, the left cavities are dilated and the walls hyperkinetic (hence
a macked reduction in the efficiency index)}. There are associated abnormalities
of the movement of echos from the mitral and semilunar valves related to the
fall i1n heart output and the increased telediastolic pressure of the LV
(figure 15). These signs, which reflect very serious heart disease, are of
little interest in the expert examination of FP.

This technique complements that of TME and provides global visualisation
of the dilatations of the cavities and real time kinetics of the walls.
This method is les suitable for quantitative studies but particularly
valuable tor determining the following:

- dilatation of the RV and especially of the RA (the latter
being inaccessible to TME)
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Figure 13

Figure 14
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- segmental abnormalities in the left ventricular contraction
characteristic of some heart disease conditions,
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Figqure 15

t
frr. b beft vesirrouler function
Echocardicqgraphy can determine the left ventricular efficiency :index
which may be ctfected before any clinical signs of heart disease are
apparent ;. this 1s of grear  value tn the expert examination of FP.
TM_Echocardiography
The left aorta-atrial i1ncidence (figure 5) vith simultancous ECG
recording allows calculation of the systolic times to be made as from 3
external phonomechancgrams, P
The sub-mitral incidence 1s used to detern: a scries of indices
which establish the systolic ejection function the LV and the
diastolic filling function.
1) Systolic function of the LV (Table 1V)
EFFICIENCY INDEX CALCULATION NORMAL
VALUE
|
! Ejection index DD - SD x 100 30-40 % of DD
DD
JOVERALL Ejection fraction DD3 - SD3 x 100 60-75 & of the
3 diastolic volume
DD
Mean VCF DD -~ SD 1-1.9 DD per sec.
TT x DD
Max VCF db/dt  Max 1.5-3 D per sec.
D
]
Thickening fraction ST - DT x 100 S 15%-60% (IE%) \
LOCAL DS PW15%-80% (65%) !
] i
Mean thickening rate ST - DT S 1.70 DT per sec. )
BT % T PW1.9 DT per seoc. }
1
Max. thickening rate aT/dt  Max S 3.9 T per sec. |
PW 4 T per sec.
!




The global 1ndices of systolic function are calculated from changes
in the transversc diameter of the LV during systole. Three indices should
be noted

- the EJECTION INDEX corresponds to the reduction of the diameter during
systole (DDLV minus SDLV). In order to take account of individual
variations in LV size, this 1s normally expressed as a percentage of
the telediastolic diameter. Like the ejection fraction, this parameter
assesses LV pump function.

- tho MEAN RATE OF DIAMETER SHORTENING is the systolic shortening of the
drameter divided by the ejection time. Expressed in terms of diastolic
diameters per second this s equivalent to the normalised mean rate of
shoriening of the circumferential fibres of the myocardium evaluated
using an angiocardiograph and expressed in terms of circumferences per
second (VCF mean). The VCF is considered to be a good index of
contractility.

- MAXIMUM RATE OF SHORTENING OF THE DIAMETER (VCF max.) This is more
sensitive than the mean VCF but its determination requires a micro-computer
to calculate the peak of the derivative of the diameter in function of time
(dD/dt Max ). It 1s expressed in rormalised form as instantaneous
dirameter.

- the EJECTION FRACTION can be assessed using the electrocardiograph if some
hypothet ical geometric shape is assigned to the Lv. If this is considered
as a turning ellipsoid the long axis of which is double the small axis
which 1s equal to the transverse echographic diameter, the volume of the LV

1s virtually equal to the curve of th}s dlineter. The systolic volume
can thergfore 9e calculated (SEV = SV7) as can the ejection fraction
(EF =

DD3

From investigation of variations in the thickness of the septum (DTS and STS)

and of the posterior wall (DTPW, STPW) it is possible to assess the contractility

of the two walls irowm the following:

~ SYSTOLIC THICKENING OF THE SEPTUM AND OF THE POSTERIOR WALL, expressed
as a percentage of diastolic thickness ( thickening index).

- MDAN RATE OF SYSTOLIC THICKENING, expresscd as diastolic thicknesses per
second.

- MAXIMUM THICKENING RATE, which requires a conputer.
a1 diastolic function of the LV

Eindrance of LV filling 1s an 1mportant haemodynamic factor in hypertrophic
n1 o restrictive myocardinopathy.

Overail diastolic function is assessed from the mean rate of protodiastolic
closure of the AMV (EF slope). Bu. this 1ndex has low sensitivity and is non
specific, being anfluenced particularly by organic changes of the valve.

This led GIBSON to suggest two more sensitive and reliable indices which require
computer calculation:  the duration of the rapid filling phase and the maximum

rtapid failing rate (peaic of the derivative of the diameter in function of time).

i) rthe volue of LV function indices determined from THE

The indices evaluated directly from diameters are reliable for reqularly
cromtracting ventricles (normal subjects, valvular conditions, non-coronary artery
hypertensiond, A standardised test is required involving 2DE in particular,

*o eonsure that  the transverse diameter is measured and not an oblique diameter.

the ejection index 1s closely correlated with the ejection fraction determined
by angiocardioyraphy and the VCF is at least as reliable as that determined by
angictardiegraphy.

Deteirrination of volumes from these diameters is only a rough approximation,
since the hypothetical geometric shapes assigned to the LV are not confirmed for
rarhelogical LV, Regression formulae have been suggested to overcowe (his
dravback. The authom believe that only indices derived directly from the
diameter should be used in practice.

The overall assessment of myocardial function from the diameter determined
1n a very limited region of the LV, situated in the axis of the ultra sound
beam, 1s subject to both over-and under-estimation if there are any segmental
abnormalities of contraction as is the case in ischaemic heart diseases and
many hypertrophic cardiomyopathies. In such cases, the local contractility
indices retain their value especially when determined with the aid of a 2DE.




This method can be used to determine the ventricular volumes and the
ejection section by methods similar to those used in bi-planar angiocavrdiography.
The volume determinations obtained correlate well with those obtained by
angiocardiography even 1n patients with i1schaemic heart disease. However 1t
should be remembered that the number of echographic i1mages of the walls
obtained per second (30 to 60) 1s much smaller than that obtained by TME
(1,000}, that the endocardium is much less well distinguished than by TM
and also that analysis of the apical reaion 1s difficult. These restrictions
make the method tricky to use and demar1 highly experienced technicians,

The complexity of the measurements and calculations requires the use of a
computer. For these various reasons, the method 1s not yet 1in routine use.

In practice, combination of 2DE and TME provides a simple,rapid and
reliable means of assessing LV function. The 2DE 1s used to detect any
segmental abnormalities of contraction and to direct 1investigation of the
transverse diameter so confirming determinations obtained by TME.

111.2 Diagnosis of heart disease

We will limit ourselves to conditions likely to be encountered during the expert }
examination of FP.

ITI.2.a Cardiac valve disease

a) Mitral stenosis (MS)

This condition rules out any aeronautical actavity and we will not consider

it in any detail even though the diagnosis and assessment of the severity of

this condition are amongst the major contributions of echocardiography.

However the clinical signs, which are usually evident, and its rapid haemodynamic
effects result in the fact that this condition is very rarely discovered in a
truly "silent" state during paroxysmal tachyarrhythmia or a thromboembolic
incident.

TME suffices to establish the diagnosis which can be obtained in
100% of cases from association of 2 essential signs (figure 16).
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Figure 16

- reduction to a varying extent of the EF slope of the AMV,

- diastolic movement of the PMV in the same direction of the AMV (paradoxical
or unison movement). These two signs are essential for the diagnosis and
may be combined with a reduction or elimination of the A wave, the thickening
of valvular echos or with LA abnormalities, the right cavities and
the pulmonary semilunars reflecting the haemodynamic effects. The 2DE is
also very sensitive and has the major advantage of detecting subvalvular
changes allowing calculation of the mitral surface in the small axis
section.




We should stress the difficulty of reaching a diagnosis on the basis of an
isolated reduction of the EF slope without any accompanying reversal of the movenent
of the PMV, This may indicate:

- either an unusual myxoma of the LA: the TME presents other highly indicative
signs and the 2DE and the angiocardiograph detect the tumor.

- or an obstruction to filling of the LV related to reduced sensitivity .
The hypertrophy which is the cause and which should give echographic
signs taking the form of a thickening of the walls, may be secondary to
aortic stenosis, hypertension (diagnosed by the usual means) or may be
primitive, in the context of a myocardiopathy which may give few clinical
signs 1n early stages,

- gome very mild mitral stenoses may also involve subnormal diastolic movement
of tfie PMV.

b) Mitral_incompetency (MI)

We should distinguish:

- TME and 2DE which are very useful in assessing the effects of mitral
leakage but which do not establish the diagnosis except in some forms
involving particular mechanisms (ballooning, tearing of the mitral chordae),

- and DPE, a sensitive and reliable method for positive diagnosis
whatever mechanism is involved.

1) Mitral ballooning (BARLOWYS syndrome)

This syndrome 1s usually idiopathic and of genotypical origin and is of
some importance in the expert examination of FP for three reasons:

- the variable clinical signs, which may be typical (mesotelesystolic click-murmur
syndrome} or may be truncated (telesystolic murmur or isolated mesosystolic
click) or may be absent permanently or intermittently;

- a development which Is usually benign but with the possibility of rare,
severe and sometimes unpredictable complications 1including ventricular
arrhythmia (causing sudden death) and sudden or gradual increase in mitral
leakage;

- the possibility of deterioration as a result from flight 1in high performance y )
aircraft, of silent or well-tolerated mitral ballooning due to acceleration
(rhythm disturbances, creation or increase of mitral leakage).

TM and 2DE Echocardiography provide diagnosis and detect forms which are s:ilent
during auscultation.

In TM, two abnormalities establish the pathology and may be observed altern-
ately in the same patient by slight changes in the siting of the transducer:

- the telesystolic dome pattern {figure 17A): a sudden backward movement of
one or both valves during mesotelesystole, followed by a rapid return to the proto-
diastolic closing point D. This is often combined with a slight forward
movement during protosystole which 1s similar to the SAM pattern described
for obstructive myocardiopathy.

Figure 17A Figure 17B




- the pansystolic hammock picture (figure 17B): the gradual backward
movement of both leaflets, beginning 1in protosystole, peaking 1in
mesosystole, with a gradual return to point D.

The method of investigation must be rigorous and standardised otherwise false
pictures suggesting ballooning will be obtained in normal subjects (hammock
picture resulting from poor siting of the transducer). Other much less
typical abnormalities are noted only if confirmed by 2DE. TME also visualises
anatomical abnormalities of the valves which are supple but have several layers
(valvular vegetation).

Real time ultra-sound definitely increases the specificity and sensitivity.
This method makes it possible to confirm or infirm some minor or debatable
patterns picked up in TM. The sagittal section along the main LV axis 1s

the incidence to be preferred: without going into detalls we draw attention

to the fact that the main diagnostic criterion is the demonstration of bulging
of one or of both leaflets towards the left atrium, the most posterior

point on the convexity projecting a small or large distance beyond the plane of
the mitral raing. This long axis section makes it possible to assess the
extent af ballooning:

- from forms at the limit of normality, the significance of which
may be debatable but which may sometimes take on the typical
characteristics during amyl nitrite inhalation,

- right up to severe forms with complete eversion of one of the
two leaflets into the LA and these conditions are really mitral
prolapse some of which may result from tearing of the chordae.

In some patients the four cavity secticn gives better visualisation of
ballooning and of an eversion o{ the valves,

2} Tear:ina of the chordae

This results in major mitral incompetency which 1s clinically apparent and
totally i1ncompatible with any aeronautical actaivity. We will therefore
discuss this topic only briefly even though 1t can be diagnosed and assessed
by means of echocardiography. :

TME reveals the voclume overload of the LV resulting from the haemodynamic
effects and a combination of direct signs which are grouped differently
depending on the leaflet 1involved:

- diastolic signs affecting the AMV (very long pathway, cross vibrations,
multiple parallel or criss-crossing echos) or the PMV (reversed
movement during protodiastole, at times completely chaotic).

- systolic signs with a hammock or telesystolic couple picture.

2DE 1n the major axis and four cavity sections gives further information and
in particular demonstrates systolic eversion into the LA of one or sometimes
both leaflets,

3) Other mitral valve abnormalities

TME and 2DE may so 2times determine the mechanism by detecting vegetations (more
clearly seen 1n 2DE) or by establishing arguments suggesting associated MR.
Usually only indirect signs of volume overloading of the LV are detected, these
si1gns are not specific and may be totally absent in mild MI, those cases
precisely 1n which the diagnosis is debatable.

Pulsed Noppler Echocardiography may establish a diagnosis of MI due to whatever
mechanism even though the systolic murmur may not be clear. 1f the Doppler
window 1s correctly sited in the LA, behind the AMV, the characteristic holo-
systolic turbulent flow 1s visualised ( an appearance similar to that shown in
figqure 11B for the tricuspid). In experienced hands this method gives reliable
results except in the case of very mild MI with a localised flow or a flow in a
specific direction.

c) Aortic _stenosis_(AS)

,
TME demonstrates two types of abnormality. Indirect signs of pressure 3

overloading of the LV are present only in fairly tight or long established

stenoses which are bound t» be detected on clinical examination. Direct signs

include changes in the semilunar valves: diastolic thickening of the valvular

echo and, an unreliable sign since it depends on the incidence of the beam,

diminution of semilunar opening. A whole series of intermediate stages are

possible between major changes, such as transformation of the valvular apparatus

into a mass of echos, to signs which are difficult to identify and a sub~normal
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picture in the case of mild AS with supple valves preciscly the case which poses
diagnostic problems during the expert examination). Sometimes the examination
may suggest congenital etiology (signs of a bicuspid valve, or suggesting
sub-valvular AS, which 1s very unusual 1n the adult).

2DE 1s much more accurate and sensitive both along the sagittal main axis
section and 1n transverse sections at various levels. This examination demonstrates
concentric hypertrophy of the LV, valvular changes, diminished semilunar opening
and can be used to calculate the area of the aortic orifice.

d) Aortic_regurgil

Diagnosis 1is essentially clinical, however mild forms may , ass annoticed

during auscultation, especially when the heart beat is rapid. The haemodynamic
effects must also be 1nvestigated since their absence would militate in favour
of an exception being made during the career of the individual. Echocardiography

1s useful both for diagnosis and for 1nvestigating repercussions.

Demonstration ~f volume overloading of the LV by TME and 2DE establishes
the ‘considerat-le hacmodynamic effects of A, which have already been described
from a clinical point of view,

TME 1@ roilable and sensitive positive dragnosis by visualising high

vibrations of *he AMV (flutrering). I1f leakage 1s
brations may extend to the septum and to the PMV (figure 8).
Iy in very mild AR with a particular direction of the

1f the mitral valves are very severely affected (associated

frequency
considerab:le,
This siqgn s
reagury it ac
MR,

POE L~ e more sensitave than the ™M mode to the extent that the signs
itodetec s are nee aftecred by che condition of the mitral valve: the Doppler
window e Lae i beerween the semiiunars, diastolic turbulence is detected
In case s ot Tre risk of confusa between the flow obtained between AR

and the ororans s*olic flow of MR is avoided 1f the Doppler window 1s
carrestly s1000d.

The mechanism of AR may be established by TME or PDE which may show
alterarion ot the semilunars, veagerations, bicuspid velves, prolapse of one
somylunar inte the LV, or considerable dilatation of (he incoming aorta.
)

lities of the valves

Such abnarmalities are rarely encountered in FP and we will not discuss them.
We will simply recall that TME and 2DE can be used for the diagnosis of tricuspid
stenosis and that PDE is the best examination for the diagnosis of TI.

Mild stenoses of the pulmonary orifices which are devoid o1 Laemodynamic
effects are the only type of pathology affecting the pulmonary arteries likely
to be met with during the expert examination of FP and they occur only during
the admission examination, Unfortunately 1n these mild forms echocardiography
cannot be relied upon to detect them.

Fiagure 18

-




I111.2.b

The primitive conditions affecting cardiac muscle are one of the major
indications for echocardiography which can provide the following:

-early diagnosis and classification of the various forms,

-exact evaluation of myocardial function, deterioration of which may be an
initial sign coupled with disturbed ventricular rhythm or a slightly enlarged
heart shadow,

-echography may also establish the absence of any valvular , ischaemic or
congenital heart disease as the source of myocardial dysfunction.

a) Congestive or dilated_forms

TME DIAGNOSIS is obvious in advanced forms (figure 15) based on the
asscciation of LV dilatation, overall hyperkinesia, marked reduction of the
ejection index and the VCF, and changal thickening index of the heart wall.
There are signs of reduced flow at the aortic semilunars and the appearance
of the mitral valves is characteristic: a small electrical mitral valve
clearly visible but surrounded by a huge ventricular cavity.

2DE demonstrates the overall harmonious hyperkinesia and argues against
any ischaemic cardiopathy (unless this presents tight stenoses of the three
coronary artery trunks).

IN INCIPIENT FORMS, which may be encountered during the expert examination
of FP, cchocardiography can contribute to the diagnosis by demonstrating a
diminution of the myocardial function indices and a slight dilatation of the
LV, these signs are significant if isolated and accompanied by homogeneous
contraction. THis is why TM and 2D echography is essential in the case of
rhythm disturbances, apparently isolated electrocardiographic abnormalities
or mild cardiomegaly.

b) Hypertrophic_forms (HMC)

Echocardiography is essential for their diagnosis. This method contributes

to their analysis and is able to distinguish between diffuse or symmetric forms
(SHMC) and segmental or asymmetric forms (AHMC) as well as between obstructive
forms. The method establishes that left intra-ventricular dynamic obstruction
of muscular origin is much more frequent (though not always present) in
asymmetric forms and may sometimes be present in diffuse forms.

~ TM Echocardiography:

The various forms of HMC have in common hypertrophy of the walls with
reduced left ventricular diameter, the impairment of contractility of the
wall is reflected by changes in the thickening indices, a relative
constancy of the ejection index and of the VCF, as well as by early
impairment of diastolic function reflected in a reduced EF slope of the
anterior mitral valve leaflet,.

DIFFUSE OR SYMMETRIC HMC corresponds to the abnormalities described above.
Their diffuse nature is reflected in a septal thickness over posterior wall,
thickness ratio of less than 1.3. The picture is very similar to that
found in concentric hypertrophy of the LV secondary to aortic stenoses and
to hypertension.

The main sign of SEGMENTAL HMC is asymmetric septal hypertrophy (ASH)
characterised by isclated or predominating thickening of the septum (DTS/DTPW
ratio greater than 1.5). Septal hypokinesis contrasts with normal or

increased kinetics of the posterior wall. There is frequently a protodiastolic

striking of the AMV against the septum (the mitral apparatus, being further
forward than normal, is confined within a small LV), However, ASH is not
specific and may occur in various forms of pressure overloading of the LV

and in some congeunital heart conditions. TME may also lead to false positive
and false negative conclusions, the method may fail to recognise septal
hypertrophy in the apex or conversely suggest a diagnosis of ASH when due to
particular orientation of the LV the ultrasonic beam crosses the septum
obliquely. The right side of the septum may often be difficult to identify
and this hinders interpretation.

DYNAMIC OBSTRUCTION OF THE LV, is a characteristic syndrome of the AHMC.
This produces two signs. Anterior mesotelesystolic movement of the mitral
valve (S5AM) is considered to be significant if it reaches 20% of the empty
chamber (figure 19A). This movement may sometimes be much greater, going as
far as to actually touch the septum. Pamial mesosystolic closing of the
aortic semilunars followed by partial or complete reopening is the second
criterion of obstruction (figure 19B).
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Figure 19A Figure 19B
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These two signs are in no way specific. SAM 1s observed in other forms
of aortic obstruction, in mitral ballooning, in the hyperkinetic heart and
in cases of abundant pericardial effusion. Mesosystolic closing of the
semilunars reflects only an obstacle on the ejection pathway.

However, TME detection of the combination of ASH, SAM and mesosystolic
closing of the semilunars does establish the diagnosis of obstructive

myocardiopathy.

It should be noted that the obstruction syndrome may not be present in the
basal condition and may be detected only during pharmacological tests
(Isuprel, amyl nitrite).

- 2D Echocardiography:

This technique is particularly useful in this indication, and corrects for
any error of axis in TME (false ASH), as well as detecting some forms of
segmental hypertrophic myocardiopathy which are not detected by TME as well
as determining the mechanism of the obstruction.

Major axis, minor axis and 4 cavity sections make it possible to detect and
classify the various forms of asymmetric HMC (figure 20):

- septal hypertrophy extending beyond the pillar zone

- forms limited to a sub-aortic septal ridge
- forms situated in the apex, usually not detected by TME,

Figure 20
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These sections visualise any obstruction present and explain the
mechanism behind 1t: the obstruction results essentially from the
pillars and the sub-valvular apparatus, very secondar:ly that of the
tip of the AMV (figure 21).

Thanks to echocardiography and particularly to 2DE, more and more
frequently sub-clinical forms of HMC are being discovered at an early
stage. The progressive danger of typical obstructive HMC is well
known. The danger posed by apical and non-obstructive hypertrophic
forms are less well established and the discovery of such forms will
doubtless pose difficult problems in the expert examination of FP.

c) Restrictive forms

Primitive restrictive myocardiopathies consist essentially of endomyocardial
fibroses . Such conditions are rare in our part of the world. Echocardiography
may be useful in their diagnosis.

Figure 21

Ischaemic_heart disease

Development of 2DE has constituted a real step forward in this indication.

During an aorto-apex scan, TME can investigate the full length of the septum.
The detection in isolation or in association with hyperkinesia of the posterior
wall of septal hypo- or akinesia is an argument in favour of tight stenosis of
the anterior interventricular artery. Similarly the presence of an isolated
dyskinesia of the postero-lateral wall, which is also well visualised, may
suggest significant stenoses of the right -~ >ronary and/or the circumflex.

However the TME has many limitations: failure to detect dyskinesias in the
apical or antero~lateral region, the non-specific nature of abnormalites of
septal kinetics, major errors in the overall assessment of left ventricular
function from the diameters in the case of segmental abnormalities of contraction
and the impossibility of distinquishing in the presence of dilatation and
global hypokinesia between primitive myocardiopathy and ischaemic cardiopathy
affecting all three trunks.

2DE because of the numerous sections which can be used makes it possible to
study all the walls of the LV including the apical region, It readily visualises
any segmental abnormalities of contraction and provides accurate evaluation of
left ventricular function in the coronary artery disease patient.

However it should be remembered that a normal echocardiogram in no way refutes
a diagnosis of coronary arteritis. Only positive results are of significance.

There are many and some are of special interest but most of little importance
for the expert examination of FP. We will mention only three:

L
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a) Pericardial effusions

The sensitivity of TM and 2D echocardiography in the detection of pericardial
effusions was demonstrated some time ago. It is also known that this test can
provide a rough assessment of the extent of effusion., However it is unusual to
detect pericardial effusion in the exploration of isolated and asymptomatic
cardiomegaly: a problem which may sometimes occur in the expert examination
of FP. We will simply recall a classical diagnostic trap: 1n normal
subjects a slight systolic separation between the epicardium and the pericardium
may frequently be detected and this has no pathological significance.

b) Congenital heart disease

Apart from valvular conditions already mentioned, the only congenital heart
corditions likely to be detected in flying personnel (during the admission
examination) are atrial or ventricular septal defects with moderate shunt
flow which is well tolerated.

Little is to be hoped from ultra-sound in mild forms of atrial septal
defect (ASD). The signs of volume overload of the RV, with no specificity are
detected only in fairly massive ASD, 2DE which is more reliable 1n assessing
the volume of the RA and the RV does not detect the septal defect in the four
cavity section unless this fairly massive.

Similar remarks also hold for VSD. Volume overload of the LV, dilatation of
the LA and the RV occur only in the case of fairly considerable shunts which
are unlikely to have been unnoticed prior to the expert examination.
2DE does not visualise the septal defect unless this is considerable and
situated high up. The Pulsed Doppler may establish the diagnosis in some
cases by detecting evidence of turbulence to the right of the septum.

¢} Rhythm and conduction disturbances

Abnormalities of septal movement have been described during the complete
left bundle branch block and type B WPW syndromes. These are of little
diagnostic interest and the purpose of echocardiography is more likely to be
the investigation of causative or associated heart disease.

v / APPLICATION TO THE EXPERT EXAMINATION OF FLYING PERSONNEL /

We will now consider the practical modalities of the application of echocardio-
graphy to the expert examination of flying personnel,.

.1 Selection of apparatus

It is essential that an examination combining the TM and 2D modes be carried
out since, as we have shown before, the two methods are complementary.

Pulsed Doppler Echocardiography is definitely an interesting addition in the
diagnosis of valvular regurgitation particularly of tricuspid incompetence and some forms
of ventricular septal defects. However, these indications are relatively restricted in
the expert examination of FP. Furthermore this type of examination is lengthy and
requires a highly experienced technician and these considerations explain why the PDE
remains limited to a few highly specialised laboratories.

The addition of a micro-computer saves time in the interpretation of the
recordings, and also increases the possibility of quantitative echocardiography,
particularly in the evaluation of left ventricular function. However it should be
remembered that the indices provided remain dependent on the quality of the echographic
recordings and on the soundness of the operator's selection. Experience has also shown that
in clinical practice the single indices of left ventricular function provided by the
manual interpretation of the recordings are sufficiently discriminating.

Iv.2 Indications for ultra-sonic examination

Iv.2.a outine_echocardiography

Should flying personnel be routinely submitted to ultrasonic examination
in the absence of any special sign and if so under what conditions?

a) Systematic admission ultra-sound

In theory this is an attractive proposal but it is not realistic.
Echocardiographic examination would doubtless result in the detection of some
minor heart diseases which escape the routine clinical and paraclinical
examinations and which in the long run may develop so as to threaten both
air safety and the career of the subject involved. The idea is also
attractive from an epidemiological and prognostic point of view concerning
heart conditions, the frequency and development of which remain unclear
(symptom-free mitral ballooning, incipient forms of hypertrophic myocardiopathy).
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On the other hand it should be pointed out that a complete echocardiographic
examination is relatively lengthy and is not suitable for the examination of
a fairly large number of subjects within a limited time. Furthermore 1t 1is
almost certain that the gains from such an approach would be limited and
that air safety would gain little.

This is not the case however if this routine electrocardiographic
screening is limited to certain types of flying personnel exposed to
a maximum of aeronautical risk factors such as pilots of high performance
aircraft or astronauts. The severity of the acceleration to which
these individuals are subjected justifies screening for infra-clinical heart
conditions which may be aggravated by flight and which may also threaten
air safety. This particularly concerns mitral ballooning and mild forms
of hypertrophic myocardiopathy and possibly for obstructive conditions
known for their propensity to disturb rhythm.

b) Routine echocardiography during professional life

This would seem desirable only for the most highly exposed categories
of personnel, particularly with the intent of screening for ischaemic
cardiopathy. It remains to establish the intervals and/or age at which
such routine examinations should take place. We should also draw attention
to doubts concerning the value of echocardiography in the detection of
latent coronary failure.

It is certain that echocardiography is valuable in two types of situation:

a) In the case of a well characterised cardiovascular abnormality

Echocardiography should be included amongst the examinations intended to
determine the repercussions of such a condition if there is to be any
question of maintaining,even in limited form fitness for flight.
The absence of echocardiographic signs of left ventricular overload, associated
with normal myocardial performance indices constitute a highly favourable
element if combined with moderate hypertension, mitral or aortic requrgitation
considered slight on the basis of a clinical electrocardiographic radiological
or phonomechanographic criteria.

In subjects whose fitness is maintained, the regular performance of ultra
sound examinations may detect earlier than routine paraclinical examinations
the first signs of left ventricular distress taking the form of a progressive
change in the ejection index and the VCF.

b) Diagnostic aid in some circumstances frequently encountered during the
expert examination of FP.

EQUIVOCAL SYSTOLIC MURMURS: These are small partial murmurs which may
be protosystolic, protomesosystolic (even mesosystolic), they may also be
variable and are generally sited over a fairly widespread left latero-sternal

region. Usually such murmurs are without pathological significance. 1In
doubtful cases ultra-sound should be routinely requested in the same way as
phonomechanographic examination. The examination has the major advantage of

permitting the total exclusion of obstructive hypertrophic myocardiopathy as
long as it is combined with a phonomechanogram and with pharmacological tests
since the dynamic obstructive syndrome may not be present in the basal state.

ISOLATED MESOSYSTOLIC CLICK: An isolated apical telesystolic murmur may
initially suggest MR and the association of a telesystolic click-murmur
suggestive of mitral ballooning with leakage, one should however, remain
reserved in the interpretation of isolated mesosystolic clicks. Echocardio~
graphy makes it possible to visualise mitral ballooning. Pharmacodynamic
tests and the phonocardiogram are essential even when the ultra sound is
normal : they alone can confirm or infirm the presence of mitral leakage.
It is only when all results (ECG, radiolegy, ultra-sound and phonomechanography
with methoxamine and amyl nitrite tests) are normal that the absence of any
pathological significance of the click can be included and the condition
described as asynchronic mitral closing.

DISCOVERY OF MODERATE CARDIOMEGALY: The problem frequently arises of the
discovery of a cardiac shadow of fairly limited size during radiology.
Echocardiography may provide useful diagnostic information:

- not so much suggesting valvular disease,(which is unlikely to have
failed to be detected by routine examinations if it has given rise
to enlarged heart)} or to chronic pericardial effusion (which is very
rarely detected in the absence of suggested signs),

- but particularly suggesting infra-clinical incipient myocardiography.

In highly athletic subjects (who often also present slight electrocardiographic
abnormalities), left ventricular hypertrophy-dilatation is associated with
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a very forceful contraction immediately visible on the TM echocardiogram and
confirmed by high values of the performance indices, a situation very different
from that of incipient myocardiography.

APPARENTLY ISOLATED ECG ABNORMALITIES: Primary disturbances of repolarization
cause the problem of latent coronary arteritis, but may be symptomatic of
cardiopathies with signs which are poorly or variably detected by auscultation
(mitral ballooning, mitral myocardiopathies) or which may be encountered in
normal or in strong subjects in order not to overloock one or other of these
conditions, The examination may sometimes provide indirect information
suggesting coronary failure but it should be remembered that a normal echocard-
iography cannot be used to refute such a diagnosis.

Frequent ventricular extrasystoles also require echocardiography for the
screening of the same conditions. Furthermore this examination is also
essential in the presence of supra-ventricular paroxysmal tachycardia, flutter
or paroxysmal atrial fibrillation.

In the presence of partial right bundle branch block, echocardiography is
not required to confirm cardiac integrity if the patient is young,
asymptomatic and, particularly, athletic.

However, the examination is require. in cases of complete right bundle branch
block or left bundle branch block, both of which may often be symptomatic of
hypertensive or primitive ischaemic myocardiopathy. It should be remembered
that in the case of complete left bundle branch block the displacement of the
septum is abnormal on the echocardiogram.

Pre-excitation syndromes including short PR, also justify recourse to
echocardiography since they may sometimes be associated with heart diseases
which may pass unnoticed. This is the case for some types of myocardiopathy
or of mitral ballooning (the latter abnormality may be secondary to
pre-excitation).

IN CONCLUSION

The various modalities of echocardiography provide a valuable aid in the
expert examination of flying personnel. This technique should be added to the list of
non-invasive explorations suitable for flying personnel, since the examination does
not replace but complete the other methods. Apart from special cases mentioned in the text
it would not appear that echocardiography should be used routinely but only in the presence
of certain common cardiological problems which it may help to solve.
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CAPTIONS OF THE FIGURES

dimensional echocardiography : A, B and TM modes

: anterior wall RV : right ventricle

: posterior wall LV : left ventricle

: septum Ao : aorta

: anterior mitral valve LA : left atrium

: posterior mitral valve US : direction of beam

Real time echocardiography

1.
2.

Multiscan
Sectorscan (after LESBRE)

Usual incidences (after FEIGENBAUM)

AMV
PMV

: anterior mitral valve
: posterior mitral valve

Transmitral incidence

DE
EF
A

D
En
Ep

maximum opening amplitude of the AMV
rapid protodiastolic closing
telediastolic reopening (atrial systole)
systolic phase

Endocardium

: Epicardium

Aorta-LA incidence

Inf

SO
sC

pulmonary infundibulum
semilunar opening
semilunar closing

Q-S0: pre-ejection period
S0-SC : ejection time

Sub-mitral incidence

DD
SD
DT
ST
Mc
gyel
TS

telediastolic diameter
telesystolic diameter
telediastolic thickness
telesystolic thickness
mitral chordae
telediastole
telesystole

Apex-~Aorta scan

2DE

A
B

major axis section

diagram of the structures visualised in this incidence
normal 2D echocardiogram

Minor axis sections

A

B

structures visualised in function of the section planes

1 - through the major vessels

2 - through the mitral valve

3 - through the pillars
(PI: pulmonary infundibulum; TV: tricuspid valve; P: posterior
mitral pillar; A: anterior mitral pillar)

section through the mitral valve

Apical incidences

A

B

4 cavity section
ATV : anterior tricuspid valve
LV-LA section

Pulsed Doppler Echocardiography: recording of the normal transcuspid flow

Doppler window (W) is behind the anterior tricuspid valve (ATW). The
Doppler spectrum graph (SD) shows a normal flow during diastole (D)
and the absence of flow during systole (S)
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PDE

The Doppler window is placed behind the tricuspid
Holosystolic turbulence in the RA (arrow).

Volume overload of LV

Extended pathway of the septum (S8) and of the posterior wall (PW)
Pressure overload of LV

Considerable increase in the thickness of the septum and of the
posterior wall

Reduced EF slope of the AMV

Volume overload of RV
Dilatation of RV: paradoxical septum {arrow)

Congestive myocardiopathy
Hypokinesia of the walls; left ventricular dilatation (DD = 75 mm);
small mitral with low flow (arrow)

Tight mitral stenosis and alteration

Mitral ballooning

A : telesystolic bulge
B : pansystolic hammock

Aortic incompetence
AMYV fluttering

Obstructive myocardiopathy

A: Mitral incidence: SAM of nearly 100%; septal collision of the AMV;

considerable increase in septal thickness

B: Aorta-LA incidence: Mesosystolic closing and vibrations of the
anterior semilunar (arrow).

Appearance of hypertrophic myocardiopathy in 2D Echography

A: sub-aortic septal ridge
B: widespread septal form
C: apical form

D: diffuse symmetric form

Major axis sagittal section

Considerable septal hypertrophy partially blocking the left ventricular

cavity.
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CHAPTER 8

EXPLORATION OF ARTERIAL FUNCTION USING
DOPPLER FLOW DETERMINATION

APPLICATION TQ AERONAUTICAL AND SPACE MEDICINE

by A. Didier, H. Ille, C. Ribadeau-Dumas, Ph. Lantrade et Ch. Hiltenbrand*

Since initial studies by Japanese researchers in the 1960's (SATOMURA: KATO},
the use of the Doppler effect to determine the rate of blood flow through the vessels
{flow determination or velocimetry) has been widely and successfully developped,
particularly in France, It has become a routine examination in angiology.

The accuracy of the data obtained and the total lack of risk of the method
suggests that it should have a place in aeronautical and space medicine, in the medical
examination of flying personnel and the investigation of physiological changes of
arterial flow in the body during current aeronautical and space pressures.

PRINCIPLE OF THE METHOD ¥

The Doppler-Fizeau effect is a change in frequency of a vibration when the
source moves relative to the observer.

The Doppler ultrasonic determination of the blood flow rate makes use of
this principle by determining the change of frequency (delta F) of an ultrasonic beam
directed onto the vessel under study. The beam is reflected by solid elements within the
blood, the flow rate of which is the same as that of the bloodstream as a whole.
The change of frequency is a function of the blood flow but also of the angle (theta)
of incidence at which the ultrasonic beam strikes the vessel (figure 1l).
The data obtained is in the form of a velocity and its exact determination depends on
knowing the angle theta.

Calculation of the blood flow rate depends on determination of the cross-section
of the vessel.

INSTRUMENTS USED

1} Continuous ultra-sound emitting instruments )

These are the simplest, least costly and most effective. They are used in routine
daily practice.

- some are simple ultrasonic stethoscopes, consisting of a probe which both '
emits and detects ultra-sound and of a stethoscope connected to a black box. This type
of apparatus may be completed by a recorder providing a permanent record in the form of
a chart. This type of equipment is not able to determine the direction of blood flow
relative to the probe (non-directional instruments).

- directional flow determining instruments are more widely used in practice.
Exploration of the artery makes use of a pencil-probe the tip of which bears two crystals,
the one an emitter and the other a receiver. Present instruments have two interchangeable
probes, the one with a 4 MHz frequency and the other with an 8 MHz frequency, which
provides a wide range of effectiveness with respect to the depth of the vascular flow
investigated. After filtering and amplitude demodulation, the signal received corresponds
to the difference between the emitted frequency and the reflected frequency. This is
made audible by means of a loudspeaker, or visible on a galvanometer, or sometimes rocorded in
the form of a velocity chart on heat sensitive paper.

This apparatus is directional: by means of a phase detector and a differential
system the exit signal is either positive or negative depending on the direction of the
velocity vector relative to the probe.

Because of lack of information concerning the angle theta and the cross-section of
the vessel, the information available is limited to an approximation of the speed of
solid elements within the blood of the vessel investigated opposite the probe.

2) Pulsed emission instruments

These instruments seek to overcome these limitations at a cost of a considerable
increase in instrumentation, handling difficulties and cost. They aim to provide an
accurate determination of velocity and of blood flow in the vascular cross-section
investigated.

There is no longer need to determine the angle theta because of a double emitting
probe the crystals of which are at a fixed angle to one another. The measurement is taken
only when the signals from the two transducers are perfectly symmetrical.

Emission takes the form of a series of ultrasonic waves and the measurement is
taken in a window (an electronic gate) which 1s set at a fixed delay after the ultrasonic

* Work performed by the Clinique Médicale et de Pathologre Vasculaire de 1'H.I.A.
Professor HILTENBRAND
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emission, as well as the duration of opening. The delay establishes the depth, the duration,
and the thickness of the zone investigated. Scanning the whole cross-section of

the vessel from one wall to another by means of a series of successive determinations,

the diameter of the vessel is determined exactly. At each level the instantaneous and
mean velocity of the solid elements within the blood is recorded and this provides a
profile of the relevant velocities for a determination of the physical characteristics

of the flow. Given the diameter of the vessel and the rate of flow of the blood, 1t

1s possible to calculate the local flow rate which is conveniently displayed by a computer.

Z\/ 5'099

Figure 1
Principle of DOPPLER effect determination
of blood flow rate

Probe
Contact paste
Skin and surface tissues
The vessel studied
ta F : difference between the frequency of the emission beam
and of the beam being reflected from the vessel
velocity of the blood
velocity of ultrasonic propagation.
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METHOD

The examination is always bilateral and symmetric and is carried out with the
subject lying down.
1) Arteries explored
< In the cervico-cephalic region the sub-clavian arteries, brachiocephalic artery
trunk, common and internal carotids, orbital ophthalmic arteries, and vertebral arteries
can be explored together with the permeability of the communicating vessels of the Willis
circle,

- In the arms, the sub-clavian axillary, humeral, radial and cubital arteries, the
palmar and interdigital arches and the arteries of the pulp can be investigated.

- The arteries of the legs accessible to this examination are the common,
superficial and deep femorals, the popliteals, the anterior and posterior tibials, the
peroneal and interosseous arteries and dorsal artery of the foot.

- In the abdomino-pelvic region it is sometimes possible to explore the aorta and
the root of the digestive branches and common, internal and external iliac arteries.

2) The examination
This method requires a highly experienced operator if it is to be successful.
Identification of the artery under study {(on its anatomical pathway, from the signal
obtained and from various distinguishing compressive manceuvres) obtaining the best signal,
detection of anatomical defects or abnormalities, obtaining a good recording, all require
practice both in manoeuvres and in listening. This presupposes several months' practice
and the carrying out of hundreds of examinations. This is even more true in the case of
pulsed Doppler flow rate determinations which, it should be stressed, is still a research
technique and restricted by two factors which are only temporary drawbacks:
- the first is the length and difficulty of the procedure. It requires
10-25 separate determinations to obtain a profile of the flow rate across
an arterial section. The accuracy of these determinations depends on
maintaining the correct position of the probe on the skin. “Multiple
window” instruments will make it possible to obtain the profile of flow
rate in a single determination and so simplify the procedure.
~ the second is the excessive size of the double probe which makes it
difficult to determine the flow in some arteries (in the neck and extremities
in particular) It is greatly to be hoped that smaller double probes, fitted
with an attachment system, will become available.

RESULTS

1) Continuous emission Doppler arterial angiography

This method is able to :

- determine the site of stenoses or obliterations, assess their functional importance and
identify any replacement circuits called into play:

- assess the extent of peripheral arterial resistance downstream from the point
investigated;

- detect loops, ectasias and fibro-muscular dysplasias;

- in the cervix, the method can be used to assess the functioning of the Willis circle
and the basilar artery.

Some examples will make this clear:

Figure 2 shows normal artery flow determination records from the legs.
In the records shown we can see:

A large positive primary systolic wave with a rapidly rising section and a more
slowly falling section during which the blood flow rate slows and then ceases. These
arteries supply a musculo-cutaneous territory and peripheral arteriolarresistances are
high. The systolic wave 1s therefore followed by a negative, or reflux wave corresponding
to the reversal of the blood flow. One or more positive and then negative waves of
decreasing amplitude may follow, these vary depending on the elasticity of the arteries

and the peripheral resistan-es. These oscillations of the curve reflect the restoration
of the energy transmitted to the wall by the systolic 1mpulse. The curve finally returns
to the zero line corresponding to zero velocity, unti1l the following systole. This

1s the pattern detected 1n all velocimetric curves for the arteries of the legs and arms
with a dampening of the various effects towards the extremities.

Figure 3 shows an example of stenoses of the common femorals: tight on the
right hand side, and mild on the left hand side.
- At the level of the stenosis, on the right there 1s a systolic reflux and a
loud grating sound 1s heard. If 1t had been any greater, it would not have
been possible to record the results. In less severe stenoses, there is either a dip in
the systolic rise or a definite acceleration i1n the systolic and diastolic velocities.
This 1s the casc for the left common femoral.
- Downstream from the stenosis on the right there 1s considerable demodulation
of the curves, they are spread out and the reflux waves have disappeared. On the left
the downstream oscillations are virtually normal.
- Upstream from the stenosis there would be a reduction of the flow rate,
spreading of the curve and the disappearance of secondary reflux waves.
- (Photograph 1) -~ Arterial angiography confirms this Doppler functional evaluation
by revealing the expected anatomical lesions.

P
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RCF
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L Pop

LPT

LAT

Figure 2

Doppler flow rate charts
obtained from the arteries of the legs

CF : common femoral SF : superficial femoral
Pop: popliteal PT : posterior tibial
AT : anterior tibial DF : deep femoral

The P indicates the zero line
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Figure 3

Stenoses
Tight stenosis of the right common femoral

stenosis of the left common femoral

Mild

.



Photograph 1: Acrto-ilio-femoral arterial angiograph of the patient
whose velocimetric study results are shown in figure 3.
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Figure 4 shows the normal doppler results obtained from the cervical arteries.
Arteries supplying the brain have very special velocity characteristics: sinCe intra-
cerebral perrtpheral arterioclar resistances are very low, the phenomenon nf diastol:ic
reflux disappears and there 1s a characteristic permanent diastolic flow.

The prevertebral section of the sub-~lavian artery and the common carotid have a
mixed distribution and present an intermediate velocimetric pattern. Anatomy, the
presence of a rnusculo-cutaneous, cerebral or mixed distribution pattern, and various
compression manoeuvres make it possible to distinguish between the sub-clawviar artery,
the brachho—cephalic arterial trunk, the common, 1nternal and external carotias, the
vertebral arteries and the branches of the ophthalmic arteries and also to investigate
the permeability of the Willis circle and the basilar trunk.

Figure 5 1is an example of the diagnosis of obliteration of the left internal
carot1d upstream from the ophthalmic artery and confirmed by arterial angloqgraphy (photograph
2 . The following features can be seen on the velocimetric recordings:

- a reduction of the diastolic flow rate in the left common carotid (indicating

a downstream obstacle);
-~ the absence of flow in the internal carotid;

-~ the reversal of the direction of blood flow 1n the ouhthair:c, supplied by
one or several branches of the external carotid and which 1rrigates the
carotid syphon against the normal stream. As a result, the distribution

territory of the external carotid becomes encasphalic and the Doppler recording
shows the increased diastolic flow.

Special cases:

Doppler flow determination provides an easy, low-cost and high safety method for
the diagnosis of certain arterial, anatomical or pathological abnormalities.

- An arterial loop is probable if two identical streams are detected side by side
but in opposite directions and which react in the same way to compression manocuvres,

- Ecstasis is to be expected if there is a sudden slowing of the blood fiow rate
with large reflux waves and sometimes turbulence.

- An arteriovenous fistula 1s to be suspected 1f an excessive flow 1s detected in
an artery and 1f this flow can be reduced by compression of the relevant territory.

- Doppler flow rate determination provides an elegant diagnosis of sub-clavian
theft in cases of sub-clavian stenosis upstream from the root of the vertebral artery.

In this case we find:
- stenosis of the sub-clavian;
- permanent reversal (or in some cases a reversal triggered by hyperaem:ia
produced in the arms by the sudden tightening of an arm band) of flow in the
homolateral vertebral vessel.

- Ultra-sound flow determination of the circulation in the humeral artery during
various rotation-extension tests of the head and abduction of the arm provides clear evi.dence
of any syndromes involving compression of sub-clavian in the thoraco-brachial section)

(CALL and ROTH; ADSON and WRIGHT).

- As we have described, unusual flow patterns are detected i1n the extremities,
either spontaneously or in response to cold, particularly for the interdigital arteries,
in cases of Raynaud's phenomenon (1).

2) Pulsed emission arterial Dopplerography

This technique combines continuous emission ultra-sound flow rate determinations
with determination of the diameter of the artery under investigation, drawing up of a
velocity profile across this diameter, and the determination of the instantaneous and
mean velocities at the point investigated. Hence it determines the arterial flow through
the section studied.

The authors have reported initial results obtained 1in normal, athletic and

arteritis subjects (2-3-5), We give a table showing the results from normal subjects,
Figure 6 shuws the velocity profiles obtained from a carotid and femoral artery.
The diastolic difference between the two flow patterns is clear. These profiles have

the advantage of reflecting the type of blood flow which may be laminar, unstable or
turbulent. (3-5-6-7)

REMARKS

1) Continuous emission ultra-~sound flow determination is a reliable, accurate, and
reproducible method for exploring peripheral arterial function. False positives or
false negatives are rare (less than 5%) when the method is used by experienced operators,
The method 1s totally non-invasive and is ideal for use in daily angiological clinical
practice for the diagnosis and post-treatment monitoring of arterial disorders. This
method obviously can be of value in several ways in the expert medical examination of
flying personnel.

- During an admission expert examination, ultra-sonic flow determination is the
best test for determining if a given clinical abnormality (apnarent abscnce of the pulse,
auscultation of an arterial murmur) is pathological or simply an individual variant of no
significance,

- During service, if one or more vascular risk factors are present, what is
important 1s not the metabolic abnormality but the presence or absence of arterial
deterioration. Together with other methods of investigation, ultra-sound flow determin-
ation can provide valuable information: reduced arterial elasticity, presence of one
or more intraclinical stenoses, increased peripheral arterinlar resistances, etc....
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Figure 4 - Normal Doppler recordings obtained from the cervical
and cephalic arteries

SC ¢ sub=-clavian

internal carotid

FC : external carotid

o] : ophthalmic
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Figure 5 - Obliteration of the left internal carotid upstream
from the root of the ophthalmic.




Photograph 2 -

Arterial angiography confirming the abliteration of the
internal carotid just after the bifurcation {(same

patient as in the flow rate records shown in fiqure

5).
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s ’

i
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TABLE
RESULTS FROM A GROUP OF 30 NORMAL SUBJECTS
RANGE MEAN
FLOW
ml/mn 61-223.5 134.13
COMMON FEMORAL DIAMETER 6.8-10 7.40
mm
MEAN VELOCITY 4-17 8.30 i
cm/s
FLOW
ml/mn 6-42.5 18.96
TIBIAL DIAMETER 2.4-6 3.72
mm
MEAN VELOCITY 2-11 3.92
cm/s
{
FLOW
ml/mn £1-19.5 7.20
DORSAL FOOT DIAMETER 1.6-4.4 2.62 5
mm .
r
MEAN VELOCITY L 1-11 2.51
cm/s
)
- DIAMETER 5-7.4 5.80
mm
. COMMON FLOW 259-579 386
CAROTID ml/mn
- MEAN VELOCITY 20-34 26.58
cm/s
FLOW 31-91 57.11
ml/mn
HUMERAL DIAMETER 3.4-5 4.17
mm
MEAN VELOCITY
cm/s 3-12 7
Pulse emission Doppler arterial velocimetry A i
Results from a group of 30 normal subjects i
|
i !
\ S
!
i
e N .
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(b) 1internal carotid

Figure 6 - Instantaneous velocity profiles obtained from a femoral
artery (a} and an internal carotid artery (b).




- For FP as for other patients treated for arterial disease, Doppler
investigation remains the essential monitoring examination for the assessment of the
quality and persistence of the result and provides an objective dossier on which to
base discussion of a return to work.

2) Pulsed emission ultra-sonic velocimetry remains at present a research
method.

This method would seem to be of particular interest in the realm of aeronautic
and space medicine because of its non-invasive nature and the lack of inconvenience
caused to the subject. The method can be used to determine arterial flow, flow rate,
segmental flow and instantaneous flow rate profiles during aeronautical stress or in
passengers during space flights and also to monitor any fluctuations occurring during
the various types of stress encountered.

Many fundamental investigations are being carried out at present in order to
define measurable parameters of stability of blood flow. Unstable blood flow would
appear to be a very important factor in the origin of arterial stenases (3-5~6-7). It
1s possible to define an index of flow stability based on the spectrum analysis of the
instantaneous velocity profiles (6).

This field of research is all the more rewarding since in the near future
vascular ultra-sound will complete the Doppler investigation in an ultra-sonic
exploration complex outlined by JAQUET as early as 1970 (4). This ultra sound-angio-
Dopplerography 1is in the process of becoming operational and some experienced workers
have produced excellent images of longitudinal arterial sections revealing even the
slightest parietal abnormality and these are completed by the kinetic information provided
by the Doppler effect.

The scope of non-invasive arterial function investigation is in the process
of taking the great step forward. It is inevitable that aeronautic and space medicine
and research will benefit from this.

CAPTIONS TO ILLUSTRATIONS

Figure 1 : Principle of Doppler effect determination of blood flow rate
Figure 2 : Doppler flow rate charts obtained from the arteries of the legs
Fiqure 3 : Stenoses of the two superficial femorals, tight on the right,

mild on the left

Photograph 1: Aorto-ilio-femoral arterial angiograph of the patient whose
velocimetric study results are shown in figure 3

Figure 4 : Normal Doppler recordings obtained from the cervical and
cephalic arteries

Figure 5 : Obliteration of the left internal carotid upstream from the
root of the ophthalmic

Photograph 2: Arterial anglography confirming the obliteration of the internal
carotid just after the bifurcation (same patient as *hat in the
flow rate records shown in figure 5).

Figure 6 : Instantaneous velocity profiles obtained from a femoral artery (a)
and an internal carotid artery (b).

Table : Pulse emission Doppler arterial velocimetry
Results from a group of 30 normal subjects.
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CHAPTER 9
THE CONTRIBUTION OF NUCLEAR MEDICINE TO CARDIOLOGY

by J.F. Gaillard*

Isotopic methods of exploration have developed greatly over the last twenty years
and now constitute important complementary cardiological examinations.

In 1948 PRINZMETAL introduced the radiocardiogram by external detection recording
of the dilution curve of a radioactive indicator in the cardiac cavities.

In 1964 CARR introduced static scintigraphy, followed by a link-up of the gamma
camera to a computer which from the 1970's made possible the development of rapid dynamic
investigations and computer-processing of the image obtained.

Recently gamma or positron emission tomography {(which is based on the same
progress in electronics and algorhythmic reconstruction as tomodensitometry) has provided
results in detailed studies of the vascularisation and metabolism of the myocardium.

Isotopic methods provide information which was generally not available previously
except by means of invasive radiological explorations using contrast media and recently
by ultra-sound.

The non-invasive functional investigation of an organ is the main contribution of
nuclear medicine. The possibility of quantifying organ function, of describing it by
means of graphs, diagrams and images remains unrivalled as FREEMAN et al (1980) stress.

The contribution of nuclear medicine to the examining expert is important
because of the non-invasive nature of most of the methods. We will merely mention any
invasive techniques which are to be excluded in the initial investigation of the expert's
examination of flying personnel.

I - TECHNICAL ASPECT OF RADIO ISOTOPIC EXAMINATIONS

Only gamma emitting elements can be used for external detection. Positrons
(positive electrons) can be detected only because of the two 511 kev photons which they
emit in diametrically opposed directions when they meet a negative electron (annihilation).
Positron emitting elements are of interest because the main constituents of living matter
have positron emitting isotopes. The major drawback is the short half-life of the
compounds which means they can be used only in the immediate vicinity of the cyclotron.

Depending on their physico-chemical properties, radio elements may be used either
alone or bound to a vector, the fate of which will be monitored by radiopharmaceutical
methods.

1. Radicactive substances used

1.1 Non-diffusable tracers

1.1.1. Vascular compartment tracers

Tc99m technetium (half-life 6 hours, gamma energy 140 kev) is used to label
serum-albumin or, preferably, red blood cells. Using these tracers, it is possible to
determine the blood volume, since the radioactivity recorded by the detector is proportional
to this volume. Parasitic background noise and tissue attenuation are limiting
factors which need correction,

Rather than a determination of the volume itself, changes in volume can be
assessed by investigation of radiocactivity in function of time. This is used as the basis
for calculation of the ejection sections.

1.1.2, Local perfusion indicators

These are ggaentially a}?gmin microspheres calibrated at 15 to 40 microns and
labeled with either Tc or by In .

These microspheres are halted by the capillaries and the local radioactivity
level is proportional to the flow.

1.2 Diffusable radio tracers

All substances have the same circulatory period and in addition diffusible tracers
have a specific distribution corresponding to the radiopharmaceutical involved.

1 Healthy myocardium labels
1.1 Potassium analogues

* Médecin Principal, in the Service de Médecine Nucléaire at Val-de-Grace, France.




Extraction by the myocardial tissue is determined from the coronary flow and
from the exchange level between the bloodstream and viable myocardial tissue. The level
of exchange depends on the condition of the Na-K-ATPase system, on the diameter of the
hydrated i1on and the degree of hypoxia {(only 30 seconds of hypoxia are required to
deplete the myocardial potassium). The clearance of potassium and of its radioactive
analogues 1s lower in the myocardium than in other tissues because of the high intra-
cellular concentration which dilutes the active substance.

LEBOWITZ (1973-1975) 1introduced +thallium 201 , the excellent physical and
biological properties of which led to the abandonment of other isotopes of potassium,
rubidium and cesium. Its 73-hour half-life und the energy of its photons (X of 69 to 83
kev and rarely used gamma of 135 and 167 kev) are not optimal since resolution is impaired
by attenuation of the low energy photons and by the diffuse radiation of the higher
energy photons.

Immediately after injection, the local binding of thallium is proportional to the
blood flow (Strauss, 1975). A few hours later, binding is indicative only of the
intra-cellular pool of potassium, Despite these drawbacks it remains the best radio
element for the imaging of ischaemic or necrotic zones which are detected because of poor
binding.

1.2.1.2. Metabolic substrates of the myocardium 11 13 15 18 123
Glucose, fatty acids and amino acids labelled with ¢ 7, N 7, 0°7, F' 7, 1 ' can
be used to investigate localised myocardial ischaemia, infarction and regional metabolism,

1.2.2. Traces for the diseased myocardium

The most successful radiopharmaceutical is Tcggm pyrophosphate which is best
concentrated within the infarcted myocardium. The mechanism by which 1t is bound 1s not
completely explained. For the pyrophosphate to be bound a profusion of about 40% of the
normal level must remain. This explains the binding around the periphery of the infarction
and the optimum timing of the examination {(day 2 or 3) before irreversible necrosis sets
in and eliminates perfusion.

1.2.3. The 1inert gases

81 m Krypton (T 1/2 = 13 sec.; 190 kev) produced by a generator 1s the ideal
element for multiple radiocardiographic studies because of its short half life, its energy
level which 1s suitable for gamma cameras and because of the low radiation dose
delivered. This radio element is also used to perform isotopic phlebographies.

133 Xenon (T 1/2 = 5.3 d; 79 kev) is more readily available but less suitable than
the 127 Xenon (T 1/2 = 36.4 d; 172-203 kev) .

These inert gases are used to determine the regional myocardial blood flow after
a wash-out 1nvestigation during intra-coronary artery injection. The limiting factors in
the use of xenon arise from a small degree of recirculation and the fact that it dissolves
in the epicardial fat.

2. Instrumentation

. The single channel probe: X or gamma radiation emitted interacts with a
thallium-activated sodiur iodide crystal to produce the emission of a bright flash which
1s detected by a photnca'node, amplified and transformed into an electrical signal.

The 1ntensityv of this ciectrical signal is proportional to the radiation energy and

can be used to eliminate the diffused radiation by spectrometry. There is a revival of
interest in this scintillation counter because of the possibility of bedside examination
and it 1s known as the "nuclear stethoscope”.

. Gamma cameras: the image is obtained by means of a collimator placed in
front of a large flat crystal of sodium iodide and an electronic system localising the
scintillation. The image obtained has two dimensions and 1s simply the projection of
rhe activity present in the field of the gamma camera.

. Data processing: the gamma camera 1s linked to a micro computer which makes
1t possible to quantify the images and process them numerically (quantification of the
activity in a specific region defined by the operator, preparation of graph, subtraction
of the background noise, smoothing and filtering of the image).

Emission tomographyv: development of electronic techniques and progress in
algorhythmic 1mage reconstruction made it possible to obtain cross-section 1mages.
Longitudinal section images are obtained by means of special collimators (multipinhole,
Fresnel zone...) and transverse axial sections obtained by means of a revolving head and
an 1mage reconstruction algo Rhythm using filtered retroprojection.

Because of the two annihilation photons, positron crutters can provide a
cross-section image by means of a special apparatus consisting of a circular or hexagonal
arrangement of the detectors and equal-angle detection.
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1T ~ RADIOISOTOPIC EXAMINATIONS, COMMONLY USED IN CARDIOGRAPHY
1. Myocardial scintillation scanning
1.1 Tc99m Pyrophosphate: method advanced by BOWTE et al. (1974}

-~ Protocole : §Bﬁ examination 1s carried out 60 to 90 minutes after the injection
of 15 millicuries of Tc pyrophosphate. Images are obtained in the anterior incidence,
the left profile and left anterior oblique. If a posterior infarction 1is being investigated
a further image is obtained in the right anterior of the incidence.

~ Results: visualisation of the infarcted zone is possible between days 6 and 1.,
and optimal between days 2 and 3. The sensitivity of the examination varies between
60 to 100% depending on authors. There is only 75% specificity since there are many false
positives (cardiomyopathy, valvular calcification and calcification of the chondro-costal
cartillage, cardiac contusion, aneurism, electric shock, rib fracture during cardiac
massage) .

The examination is of both diagnostic and prognostic value, HOLMAN et al, (1978).

There is good correlation between the size and the extent of binding. The mass
of infarcted myocardium must exceed three grams to be visible. Following infarction:

- only 5% of patients with a normal scintillation scan will present complications,
~ 35% of patients with moderate localised binding will present complications,
~ this percentage rises to B88% of patients with considerable diffuse binding.

~ Value: the diagncstic role is limited to clinical conditions with some element
of doubt: infarction of the right ventricle, peri-operational infarction for RIGHETTI et
al. 1977}, non-specific ECG, contusion, penetrating injury, ... The prognostic importance
should not be overlooked and just as the extent of binding is a negative factor, so too 1is
the persistance of this binding 3 to 6 months after the acute incident.

1.2 Static Thallium scintillation scanning

- Protocol : the fasting subject is in the upright position so as to reduce the
splanchnic flow and consequently uptake by the viscera. An injection of 2 millicuries of
Thallium 201 1s administered and ten minutes later at least three incidences are recorded
(anterior, left anterior oblique, left lateralj of 500,00C 1impulses each.

In order to facilitate interpretation, analogic images, digitalist images, smooth
1mages with either systematic (less than 25%) or interpolative subtraction of the background
noise may also be carried out.

- Results: In the normal subject the myocardium takes the form of a horseshoe
image surrounding the cavity and opening towards the mitral-aortic region and in the

left anterior oblique incidence often takes the form of a doughnut (figure 1).
a.i.v. R
circ,
By
H a.i.v. LAO 45
R circ)
ANT rc.
RP

ANT : anterior
45 LAO : 45 degree left anterior obligue
LP : left lateral
Circ :  circumflex
a.l.,v, ¢ anterior interventricular
rc : right coronary artery

Figure 1
Myocardial vasailarisation territories after LENAERS et al.
(1977) and RIGO et al. (1979)

As can be seen on fiqure 1, a defect can be related to a specific myocardial territory.
At rest, visualisation of the right ventricle signifies hypertrophy of the ventricle
STEVENS et al (1975).




160

A localised defective image may take the following forms:

. of a gap: clear amputation (infarction of the myocardium);

. reduced binding : to be significant this should be reduced to less than B80%
of the maximal activity and be transmural. This pattern is found 1n tight
stenoses (chronic coronary failure), in rudimentary infarctions which are
non-transmural or difficult to situate (posterior) and particularly 1in the
syndrome of threatened myocardial infarction.

blotchiness : in myocardiopathy whether primitive or not., Obstructive
myocardiopathy 1is easy to recognise from the small size of the cavity

and the thickening of the walls but it is very difficult to determine

the ischaemic or non~ischaemic nature of a myocardiopathy (defects involving
20 to 40% of the left ventricular perimeter would suggest an ischaemic
condition}.

According to WACKERS (1976), the sensitivity and specificity for the detection
of acute 1nfarction of the myocardium is 88% and accuracy 61%.

- Value: the diagnosis of acute myocardial infarction is possible when the
electrocardiogram and case history are not decisive (left bundle branch block, Wolff-
Parkinson-White, pacemaker).

The detection of long established infarction is less reliable. One of the limita-
tions of thallium scintigraphic scanning is the impossibility of distinguishing between }
long-established infarction and recent infarction. About 50% of infarctions result in
persistent longterm defects.

In fluctuating angina, scintigraphic scans carried out four hours after the
initial examination can establish a differential diagnosis between transient 1ischaemia
and 1infarction of the myocardium by elimination of the defect. The initial scintigraphic
scan should be carried out 6 to 10 hours following the acute clinical crisis.

Identification of high risk patients by anatomical localisation and estimation
of the size of the infarction.

Although localisation 1is satisfactory, the estimation of the size leaves much to
be desired and great hopes are entertained for emission tomography which could also
identify non-transmural infarctions.

The differential diagnosis between primitive and ischaemic cardiomyopathy 1s
more difficult. MORAND et al (1980) have established the factors suggesting primitive
cardiomyopathies:

- an enlarged right ventricle

- diffuse reduced binding not corresponding to a given vascular territory v ]
- contrast between limited reduced binding and considerable ventricular
dilatation )

- improved binding during medical treatment for cardiac failure. :

1.3 Thallium_scintillation_scan following the exercise_ test

Protocol : an exercise electrocardiogram is carried out and 2 millicuries of
Tl 201 injected at peak exertion, exercise being continued for another 2 minutes.
Imaging is carried out as quickly as possible, ideally within 5 minutes of the end of the
exercise (See figure 2). Four hours after the exercise test, scintillation scans are
carried out using the same 1ncidences in order to obtain differential diagnosis between
ischaemia and myocardial infarction by investigation of the redistribution pattern,

Results - exertion increases the contrast by reduction of the background
noise (due to increased absorption by the skeletal muscles) and by increased binding by
the healthy myocardium.

The most 1mportant data provided 1is the demonstration of a transient ischaemia
developped during exercise and 1ts localisation.

In coronary artery disease, the overall sensitivity is between 80 and 92% and
the specificity about 90%.

Success varties depending on the artery involved. The method 1s very satisfactory
for the anterior interventricular, fair for the right coronary and poor for the circumflex
(sensitivity 50%;. If all three arterial trunks are affected the results are poor and
the study 1s purely reclative.

The sensitivity and specificity are better than those of the exercise electro
cardiogram except 1n the case of damage to the circumflex, and the exercise ECG and
exercise thallium scintigraphic scan are complementary tests.

Value: The exercise scintigraphic scan is useful in:

. demonstrating exercise ischaemia when the ECG is not decisive 3
- localising the effort ischaemia and so providingan indication for coronary H !
artery angiography with a view to surgery depending on the mono or tri- '
truncular nature of the condition
. determining whether any new territory is involved in the case of recurring
clinical signs from a previous infarction. .
. momtoring following installation of a shunt. ]!a N
.
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Figure 2: Reduced antero-septal binding in 45 LAO, showing
exercise ischaemia

The 1soprenalin (Isuprel) test is simllar to the exercise test and 1is indicatecd
for the investigation of transient ischaemia in patients incapable of carrying out
the usual exercise test.

The dipyradamole (Persantine) test is also useful for the detection of 1schaem:ia,
ALBRO and GOULD (1978) . This vasodilator increases the coronary flow in a healthy
territory by 400% and reduces it in territories affected by stenosis by a phenomenon
similar to "theft".

e will merely mention the methylergometrine (tethergin) spasm provocation test,
1.5 Scintiqraphic_scan_using__iodine _123_ - labelled fatty_ acids:

This method has yet to be evaluated but it is promising despite the liberation
of 1odine 123 (following metabolism of heptodecanoic and hexadecanoic acids) resulting

in considerable background noise.

It would secm that coronary artery stenosis results in a permanent area of reduced
binding at rest with no accompanying redistribution as with thallium.

2. Isotopic ventriculography

2.1 study at_equilibrium, at rest

~ Protocol : after labelling of the vascular compartment, the dynamic images,
the acquired cardiac cavities, 300 to 500 heart cycles are synchronised with the
electro-cardiogram and added to produce a synthetic cyle of about 20 pictures. It 1s
difficult to eliminate the superimposition of the cardiac cavities and the background
noise resulting in parasitism. The optimal incidence is the left anterior oblique (about
40 degrees) relative to the axis of the heart)which provides clear septal separation
and acceptable separation of the mitro-aortic plane if there is no left atrial hypertrophy.

- Results: before establishing the equilibrium, the first pass studied
determines the ejection fraction of the right ventricle, determines its kinetic features
and calculates the parameters of overall cardiac function (heart output, circulatory
periods}.

During the study at equilibrium, parameters of left ventricular function can
be determined (ejection fraction, ventricular volume, mean and maximal contraction rate).

The point by point investigation of these parameters provides functional images
( amplitude, phase, regional ejection volumes, regional ejection fractions) of the
left ventricle.

Regional kinetic analysis is good in LAO for septal, inferior or apical and
postero-lateral territories. Comparison with cardiac catheterisation in RAO 30 reveals
less successful investigation cof the posterior territory and a better assessment of
septal kinetics by LAO isotopic ventriculography.

The overall ejection fractions are well correlated with catheterisation
(R = 0.90: 83 subjects in the study by ETHEVENOT et al -1981) and their determination
1s repeatable.
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The determination of the diastolic and systolic left ventricular volumes s
satisfactrory, GLASS et al (1978).

Thi1s technigue can be carried out only in good conditions, 1.e. in the absence
of any disturbance of rhythm (numerous extrasystoles, atrial fibrillation) which ninder
the establishment of equilibrium.

- vValue : the non-invasive and reliable nature of this method have led +o ts
development.

.Its main contribution is the assessment of patients affected by recent myeocard:al
infarction when 1t provides prognostic data 1n cases where contrast angilographic
investigation is not possible.

.The early detection of aneurisms and the possibility of repeated
make 1t possible to control the development of inf-orctions.

.Assessment of the deterioration of ventricular function makes 1t pos
adjust certain cardiomyotoxic chemctherapies (e.g. adriamycin) by mcnitoring

.Determination of the left ventricular ejection fraction and requrqgita’ . :
fraction confirms diagnosis and the possibility of surgery in mitro-aorric val: @l jathiies,

2.2

2.2.1. Exercise test

- Protoco) : the same protocol as for the exercise ECG using the »~1 g0
bicycle is used with the patient in the dorsal decubitus position. one derermin
Is carried out at rest and the other at peak exertion.

- Results: in the normal subject, the telediastolic volume increases
or remains unchanged whereas the telesystolic volume falls, resulting in 1.
ejection fraction.

In the coronary patient, the increase in the telesystolic volurms (s 1espe s
for the fall or lack of change in the ejection fraction.

Furthermore, the dyskinesia induced or aggravated by exercise an trhe oor nary
patient serves to localise the condition and is particularly sensitive and specitoc @
the anterior interventricular territory.

- Value: Selection of chronic coronary patients reguiring coranary at®er
angiography with a view to aorto-coronary shunt. Medium and long term follow up rmonsc. r.
of medical treatment, rehabilitation and surgery.

2.2.2. The cold water test and right atrial stimulation

These tests do not provide a very physiclogical approach and are used only 1n
cases where the exercise test is not possible.

Right atrial stimulation is particularly useful in determining the optimal
frequency when tracing a pre-set pacemaker.

2.2.3. Pharmacological tests

Nitroglycerin: this test assesses the efficacity of the nitrite drugs which
varies from case to case and can be used to select patients with post-infarction ancur:isr
prior to surgery by determining the extent of functional myocardium.

Beta-blockers: ventriculography is carried out before and after beginning this

treatment and monitors any deterioration of left ventricle performance.

3. Isotopic angiography

- Protocol : the in travenous injection of a radiocactive bolus which 18 followed
by computerised recording and 0.5 to 1 second images which visualise the main venous ani
arterial vessels,

~ Results: stenoses of the carotids and sylvians and diagnosis of aortic or 1ltiac
aneuri1sms 15 possible. Isotopic phlebography is useful 1n the investigation of the
permeability of the inferior vena cava, and of the i1liac femoral and i1nternal saphenous
velns.,

~ Value: a non-invasive approach to the diagnosis of aneurisms. In the face of
clinical evidence of phlebitis and particularly 1in cases of chronic thromboses,
1sotopic phlebography can be used to confirm the permeability of the deep circulation
prior to operating for varicose veins.
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ITI -+ SPECIFIC RADIOISOTOPIC EXAMINATIONS

1. Myocardial tomoscintillation scan

This method 1s able to determine the intra-mural site oilxschaemia Or RECrosis
and provides a guantitative approach to myocardial metabolism (C palmitate, F fluoro-~
deoxy glucose).

2. Cardio-pulmonary shunts

2.1. Left-right shunt heart disease

A dynamic study is carried out of a Tcggm pertechnate radioactive bolus. The
quality of the bolus is vital and to improve it a s:.!l volume is used and injected .nto
the right external jugular vein rather than into an antecubital vein.

Analysis of graphs of pulmonary transit provides a determination of semi-
cuantitative indices {(ratio of ampl tudes and areas) or by means of extrapolation using
a gamma function suggested by MALTZ and TREVE (1973), to obtain the ratio of pulmonary and
systemic flows well-correlated with oxygen determination. Within *he scope of this
article the main indications are as an aid in diagnosis of the origin of a murmur and the
post operative follow-up of patients to check for any residual shunt.

2.2. Right-left_shunt _heart disease

Here quantification of the shunt is of less importance since biological
criteria are availlable to determine the cyanosis of these conditions.

Two protocol may be adopted:

- either the intravenous injection of a solution of radicactive gas (xenon 133 or

127y . These elements are cleared by the lungs and a right-left shunt is detected from
the appearance of radioactivity in the left cardiac cavities of the aorta.
- or by the injection ~f Tc 95m microspheres (less than 50,000) some of which

remain in the brain and tho k.dney 1f there 1s a right-left shunt.

3. Radioisotopic investigation of coronary artery perfusion

3.1. Total coronary flow

This determination 1s carried out using the radiocardiographic method of DE
VERNEJOUL and KELLLKSHOHN and involves radio-elements of different energy levels, one
undergoing pagsive intramyocardial diffusion (K 42) and the other intraventricular
diffusion (In " sidérophilin).

Since the percentage of diffusible tracer immediately taken up by the myocardium
corresponds to the cardiac flow perfusing the heart, the difference between the areas
under the left peaks of the two dilution curves indicates the coronary artery fraction of
the cardiac flow and the total coronary flow.

3.2 Selective_coronary_scintigraphic_scanning

This is carried out by a selective intra-coronary artery injection of labelled
microspheres (10 to 20 microns) and exteriorises a replacement circulation downstream
from a coronary artery stenosis.

This is of particular interest prior to installing the shunt during catheterisation
during the investigation of the post-stenotic downstream network and after installing the
shunt to study revascularisation.

For GAMBINI (1975) this is a valuable method in thc arscssment of angina with
healthy coronary vessels and coronary artery fistulas.

4. Study of the development of thromboses

The KAKKAR test using iodine 125 or 131 labelled fibrinogen and 1nvolving serial
counts of the legs repeated at intervals 1s able to detect tie formation of a clot and 'no
diagnose the development of phlebitis,

Kinetic study of Tc99m labelled heparin shows . learance curve with two
exponentlal components, one 1s very rapid, the other slow The 1ncreased slope of the
slow component is an index of the thrombotic development, ESQUERRE et al {1979,

The i1nvestigation of the binding of labelled platelets (Inll‘) 1s under
assessment .
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IV - THE FUTURE

Positron emission tomography should provide an accurate and quantitative physio-
patholongical investigation of blood flow and metabolism by means of simultaneous
determination of mechanical parameters., In the opinion of SCHELBERT (1980), it may
be possible to make progress in the early detection of reversible disorders during
therapy.

Nuclear magnetic resonance is able to assess myocardial ATP metabolism and
provides cross-section images with good resolution. If the procedure time is reduced
th:s method will provide unrivalled kinetic metabolic and morphological studies.
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CHAPTER 10
BALLISTOCARDIOGRAPHY : A NON-INVASIVE METHOD ADVANCING TOWARDS
CLINICAL APPLICATIONS

Aristide SCANO, Deputy Director, Pustgraduate School of Aerospace Medicine, Rome University.

1.

INTRODUCTION AND DEFINITION

The ballistocardiographic (BCG) method 1s a very old one and in about a century of hard and
contested life 1t has had a considerable technical and conceptual development, whichhas led from the
first beds, suspended by means of long ropes, with a mechanical recording to the present air bear:ng
beds with very sensitive acceleration transddcers and harmonic analysis of the oscillations recnrded.In-
tended originally to supply non-invasive measurements, easily repeatable, of cardiac output, 1t turned
sut to be unsuitable for this purpose owing to the fact that the displacement BCG {as recorded with the
early techniques) is sensitive mainly to the properties of the arteries. It was seen later (Starr and
Noordergraaf, 1967) that the acceleration BCG 1is more sensitive to the way inwhichthe ventricles, 1in
particular the left one, eject blood at every beat. That may signify a very important fact, that this
method is really a rel:iable indication of the contractile properties of the myocardium, thus represen-
tirg one of the most integrative and general techniques of exploration of cardiovascular dynamics.

At present BCG can be defined as a non-invasive experimental method of recording and studying
periodic accelerations of the body mass due to the inertia reaction it presents at every ventricular
systole. The typical sequence of waves whichconstitutes the BCG tracing differs quantitatively according
to the bodily axis (the ones recorded along the longitudinal axis are generally more ample}, according
to the state of rest or physical exercise, the age and pathological conditions of the heart and/or the
large arterial vessels. We will come back further on to the meaning of the various BCG waves.

NOTES OF THE EVOLUTION OF THE METHOD

In 1877, J.W. Gordon recorded longitudinal bodily oscillations synchronous with the heart
beat of a subject lying on a light bed suspended to the ceiling by means of long ropes. Since the funda-
mental frequency of the phenomenon 1s that of the cardiac rhythm and the predominant freguency of the
oscillations is about 6 Hz, researchers' efforts were directed to desiqn systems of suspending the bed
on which the subject's body rests with natural frequencies less than 0.3 or mere than 20 Hz. In this way
they passed from suspension with ropes over 5 m long (frequency of pendular oscillation less than
0.2 Hz) to Starr and Rawson's ballistic table (1939), supported by steel springs, with a high natural
frequency (but with resonance at about 5 Hz), to Nickerson and Curtis's one (1944) with an ultralow fre-
quency, that 1s, about 0.2 Hz, to the various device c¢f direct recording (Dock and Taubman, 1949, mndi-
fied by Arbeit and Lindner, 1959 ; Puddu, 1951 ; Ozaki, 1965}, whichqive recordings altered to a certa:n
extent by parasitic waves and other artifacts, 1n particular by the so-called "dorsal spring" effecr,
due to the elast.-ity of the solft superficial tissues of the dorsal areas of the bodywhich rest on the
ballistic table.

The beds that meet the purpose best are air bearing ones (Cunningham and Smiley, 1961), very
Iight and with natural frequencies around 0.2 Hz, one type of which 1s due to Calderale and Francav:iila
(1973) of Turin Polytechnic. Talbot (1958) and other scientists also recnorded body movements :n the three
axes of space, with very complex apparatus.

In aorder to simplify the technique and owing to the fact that there are now available very
small and sensitive accelerometric sensors and concave-convex beds (Calderale, Gola and Guglines:za, 1977
whichimprove the fitting of the subject's body, there 1s a tendency to return tc the use of suspended
beds with sufficiently long ropes. With these devices 4 degrees of freedom are obtained and since the
useful spectrum of the BCG does not generally exceed 14 Hz, a cutoff frequency arcund 25 % 30 Hz s re-
commended.

PHYSIOLOGICAL FACTORS WHICH DETERMINE THE CHARACTERISTICS OF THE TRACING

rhe apparent simplicity of the mechanical phenomenawhich are at the base of nscillations of
the ba!listocardiogram has often led to oversimplified deductions, which experiments and quantitative
inalysis have show to be inaccurate. Furthermore, the poss:ibility of obtaining recordings ~f this pheno-
menon with the most varied techniques and apparatus (whichgive different recordings for the same event
ard can intrnduce artifacts that are difficult to detect), has produced a number of contradictory and
unreliable works. Consequently, the significance of ballistocardiographic waves with reference to the
cardirac cycle and the blood flow and the weight of the factors which contribute to their formation are
still, at least partly, to be clarified or to be confirmed with certainty, especially through *he simul-
ranecus use of other 1nvasive and non-invasive methods.

Acrtually, 1n the phenomenon with which we are dealing, multiple factors intervene, which are
- ften mutually dependent, and some of which cannot be directly appraised or measured on the human subject.
The main ~nes are the following

~ the ejectinn of the blood, especially from the left ventricle (mass and acceleration of the volume of
liquid) ;

- velocity «f the flow in the aorta and main arteries ;
- s1ze, spatial ~rientation and elasticity of the main vessels ;
- movements of the cardiac mass because nf ventricular systole.
Trhe first factor was demonstrated experimentally om a corpse by Starr, who established that
the velacity of ejection of biood from the left ventricle determines the aspect of the set of BCG acce-

leration waves along the longitudinal axis of the body. The linear relationship between the two variables,
admitted to beqin with, 15 now questionable, especially after the research of Goedhard (1979), who obser-
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ved in odogs a vartation of the *ransfer function between the blood flow rate 1n the ascending aorta and
the he:ght of the systolic waves of the BCG in different haemodynamic conditiens.

By :nternatinnal cnnvention, BCG waves are i1ndicated by letters, beginning with F and e¢nding
with N.
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Fig. 1. Relationship among acceleration, velocity and displacement ball:ictocardiograms to acoustical, elec-
trical and mechanical events 1n the cardiac c¢ycle (from W.R. Scarborough : Comments on progress
:n ballistocardiographic research and the current state of the art, F.A.A. Office of Aviation Me-
dicine, Rep. AM 64-12, 1964).

The atrial systole causes small and variable oscillations, such as G, which precede the first
positive H wave ; the latter and waves I, J, K (L for some authors) up to the tip of L are related to the

systnle (1sometric contraction, initial aortic valve opening, full ventricular ejection} ; the downward
part f the L wave and waves M and N correspond to the beginning of the diastole and to rapid ventricular
filling. Interval H - K has a duration practically equal to that of the ventricular systole,

Wwiner (1979) carried out a careful comparative study of time relationships between divect body,
ULF BCG, carotid pulse, phonocardiogram, apexcardiogram, echocardiogram (non-invasive), aortic pulse pres-
sure and left venrricular pressure (invasive). Referring to fig. ...., taken from the above-mentionned
wnrk, the pre-ejective notch of the first derivative of carotid pulse corresponds with the middle of a-
pexcardiogram ascending limb and with the H rise. Therefore the H wave would really represent ventricular
ejection, which seems to be proved also by the length of the interval between wave Q of ECG and H of BCG,
which 1s 160 msec 1n the direct body BCG (but in ULF BCG wave H seems outside the ejective phase). Set
s, of the phonocardiogram corresponds to wave K and follows immediately the closing Of the aortic valves.
According to Goedhard the beginning of the ejection falls between H and I, but it must be remembered
that the ULF tracing anticipates the direct body BCG by about 0.04 sec.
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Fig. 2. Left : Crossing the right and left arm leads to DB transforms an approximate mirror reflection
of HI to comparable configuration. Note the increased amplitude of J suggesting the ef-
fects of body resonance.

Right : The three phases of initial HI ejection are clearly delineated in both DB and Ulf in a
young hypotensive female. Note that J configuration remains unalte-ed (from Winer, see
ref. 19).

Most authors do not give much importance to the diastolic waves {descending limb of L, waves
M and N) because they are considerably influenced by body resonance phenomena.

The above-mentioned oscillations are found in all acceleration recordings in young and heal-
thy subjects (of lesser amplitude in female subjects) : the movement of blood i1n the aorta has certainly
a2 part 1n their genesis (at least from I to K) as was proved by Brown et al. (1949) and by Masini (1952)
in subjects with isthmic coarctation of the aorta and by Honig and Tenney (1956) with the l:igature of
this vessel 1n dogs : in the first case, the surgical operation normalizes the recording. Other facts
that have been proved are the increase, even a considerable one, in the amplitude of systolic waves as
the result of physical exercise and of rise in body temperature, and the lesser influence of the right
components as compared with the left side of the heart. There is not complete agreement, however, on the
waves influenced by exercise (though most researchers indicate J and K) and on the relations among rate
of work, variations of the stroke volume and magnitude of changes in the waves themselves. The various
attempts made to calculate the volume of systolic ejection from the height and/or area of some waves,
usually I and J, a:e well-know as well as the criticisms made of the most widespread formulae such as
that of Nickerson et al. (1947), Tanner (1949) and Starr (1950} : in fact, the oscillations of the tra-
cing represent the integration, instant by instant, of the vectors of the little forces connected with
atrial and ventricular contraction with the more important vectors of the accelcration of the blood mass
ejected from the ventricles and flowing in large non-parallel vessels, of varying length and elasticity.
Furthermore, if it is desired to calculate the work of the heart, the static component, which is certain-
ly the major one at rest, is lacking. These conditions, clearly limitative for anyone trying to obtain
from the ballistocardiogram aione the stroke yvolume and the elasticity :f the main arteries, can become
advantageous on turning to measurement of the whole of the haemodynamic forces which act Jduring the ex-
pulsive phase of ventricular systole. As early as 1953 Masini and Rossi proposed for this purpose the
quantitative measurement of the velocity of body movement. Th: product of this value by the body weight
gives the quantity of motion imparted to the body (average 4.3 t 1.4 kg/m/sec), which seems a good 1ndi-
cation of cardiac force, well correlated with physical exercise.

FIELDS OF APPLICATION OF BALLISTOCARDIOGRAPHY

Some uses with regard to heart surgery have already been mentioned. Let us add that this method
supplies useful information on the pumping capacity of the heart and can reveal at an early stage la 'k
of ventricular coordination and irreqularity in contractions. It is. therefore, a promising technique for
a quantitative evaluation of the heart's functional reserves and for early detection of coronary heart
disease and/or myocardial infarction. Obviously it must be considered in the context of the clinical pic-
ture and in the light of other instrumental investigations.

BALLISTOCARDIOGRAPHIC RESEARCH IN MICROGRAVITY

During the first Spacelab mission, a three-dimensional BCG experiment will be carried out

{11'S 028 : P.I. Prof. A:istide Scano, Project Manager Eng. Edoardo Rispoli, Rome University}), which we
hope will contribute to solving fundamental problems of the method and, consequently, to making its appli-
cation more useful and reliable. It will permit, in fact, the recording of the accelerations connected
with the action of the heart in the three directions of space at rest and after various physical exercises
and without any bed or support since the subject 1s freely levitating in the cabin. This is a unique and
ideal condition, which can be obteuined only in a laboratory orbiting in space. Other intercsting results
will be derived from comparison of the tracings obtained on the same subjects on the ground before and
afte: flight and several times during flight itself. That will also make 1t jossible to know if .nd what
changes in BCG take place as a re.ult of prolonged weightlessness and of the return to normal gravaty.
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CHAPTER 11
USE OF CHANGES IN ELECTRICAL IMPEDANCE IN CARDIOLOGY

by J. Colin*

1 - INTRODUCTION

The investigation of variations of electrical impedance is of particular
value amongst the non-invasive methods used in physiological and clinical study of
heart function because of the absence of risk, ease of the procedure and the possibility
of repeating determinations or carrying out continuous determinations over long periods.
The bases of the method of determining electrical impedance of a body segment
were laid some time ago, particularly by ATZLER (1), BARNETT (3), HORTON (18) and
NYBOER (28). More recently, GOUGEROT AND MONZEIN (14) have carried out a very thorough
experimental and theoretical clinical study.

2 - PRINCIPLE OF THE METHOD

The method used for the investigation of segmental or whole body changes in
electrical impedance is based on Ohm's law. According to this law, the potential
difference V determined at the ends of an electrical conductor of resistance R, to a
direct current I, is given by the following equation: V = R.I If I is constant, then
changes in R can be followed by determination of V.

In a body segment, these phenomena are more complex than in a uniform

electrical conductor. When an electrical current 1is passed through this segment by means
of surface electrodes, which are known as injection electrodes, lines of current are set
up . These lines extend from one injection electrode to the other, but their pathway

is complex since it depends on the conducting elements making up the body tissues.

If two other electrodes, known as detector electrodes, are placed between
these injection electrodes, it is possible to measure the potential difference between
the two equipotential surfaces of these electrodes. These equipotential surfaces are
perpendicular to the lines of current and they too have a complex form.

if the injected current is kept constant, any change in the resistance of the
conducting elements between the equipotential surfaces is accompanied by a change in the
potential difference recorded. Such changes of resistance may be due to several causes:

-~ changed blood or organic liquid content in the body section;
~ changed shape or position of any organs between the equipotential surfaces:
~ changecd level of air which may be contained in the segment.

The following features may be observed: slow changes in resistance due to
changes of volume of the venous and extra-cellular sectors, rapid changes due to pulsation
of the arteriles and capillaries, or of the heart cycle, or changes synchronised with the
breathing due to changes in the volume of air contained in the lungs.

The tissues of the body, and especially cutaneous tissues, are not pure
resistances but impedances. This 1s why 1t 15 necessary to use an alternating injection
current with a frequency such that the de-phasing due to the capacity of the tissues
is kept as low as possible.

By using a constant injection current with a correct frequency, recording of
the changes in potential difference between the detector electrodes provides an indirect
recording of the changes 1n volume of the conducting elements of the body placed between
these electrndes. This explains the name of electrical impedance plethysmography often
given to th.s method. Depending on the siting of the electrodes on the body it is possible
to study the following features:

- pulmonary ventilation: electrical impedance pneumography

- the volume of extracellular or intracellular fluids or the total
water within the body : total electrical i1mpedance

- cerebral circulation: cerebral clectrical i1mpedance plethysmography

- circulation within the limbs : peripheral electrical impedance
plethysmography

- the presence and amount of thoracic fluid: thoracile plethysmography
used to detect haemorrhage or pleural effusion for example

- heart function: thoracic, aortic or cardiac plethysmography.

However, 1n all these cases, it 1s important to remember that all the organs lyina
tetween the equipotential surfaces tested contribute to any changes 1n 1mpedance detected.
In other words, the determination of changes of electrical 1mpedance 1s an overall method.
However, all the organs situated between the equipotential surfaces do not have the same
effect. Those crossed by the shortest lines of current have the greatest effect for a yiven
change of resistance. Thus 1t 15 possible by specific arrangement of the electrodes to
concentrate on the effect of changes 1in volume of a given organ but 1t 1s not possible to
avoid some effect from changes in volume of other organs. It 1s also necessary in many cases
to take into account the movement of the organs (which move from one line of current to
ancther) and to a lesser extent changes in shape. For all these reasons, the simple
formulae derived from Ohm's law for the calculation of a change in volume can only be used
with prudence.

* Centre de Recherches du Service de Santé des Armées - 1 bis, rue Lieutcenant R. Batany
92140 Clamart, France.
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3 - INSTRUMENTS

Two types of 1instrument are used to record changes 1n electrical 1mpedance:
two-electrode instruments and four-electrode 1instruments.

Two-electrode instruments

The same electrodes are used both to inject the current and to detect potential diff-
crences. The maln drawback of this type of instrument 1s its greater sensitivity to
Chanqes 1n cutaneous xmpodance.

Four-electrode instruments
These are more numerous and they measure the impedance between two equipotential surfaces
of the electric field set up by the applied current. This current is wusually a sinus-
wave current with a frequency of between 100 and 150 KHz and of low intensity of the order
of 5 m A. The current is an imposed current, l.e. with constant intenslty and 1s usually
obtained by the use of high resistances placed in series. Changes in cutaneous impedance
then become negligible as compared with the total impedance of the system and the current
can be considered to be constant,

Most commercially available instruments are able to detect and record the
following:

- the baselince i1mpedance Z
through the recording clectrodes,

- the rapid changes of impedance /AZ around the baseline impedance

- the first deraivative of dz/dt of these rapid changes in 1mpedance

- the electrocardiogram recorded from the injection electrodes.

o €xisting between the two equipotential surfaces

These instruments often 1nclude a phonographic recording channel. The electrodes
used are often strip electrodes placed around a limb or a thorax. More rarely small
electrodes are used of the same type as used in electrocardiography or electroencephalography.

4 - THORACIC PLETHYSMOGRAPHY

This method, which has been studied particularly by KUBICEK (22) uses
strip electrodes about 6 mm wide and placed around the neck, thorax and abdomen.
The 1njection electrodes are placed in a distal position relative to the detection
electrodes. The upper injection electrode 1s placed around the neck at Ilcast 3 cm
above the upper detecting electrode which is placed around the base of the neck.
The lower detector electrode passes around the lower part of the sternum, about 10 cm
above the lower injection electrode which is placed around the abdomen.

This electrode set up is used for the determination of the follow:ing:

- systolic time intervals

- cardiac outpu!

- thoracic fluid.

4.1 Determination of systolic time intervals

since the /A Z recording is sensitive to respiration, a recording of the first
derivative of the changes in impedance 1s to be preferred. The dZ/dt recording has some
characteristic points (figure 1).:
- point A - This point lies between the end of the electrocardiographic

P wave and the beginning of the QRS complex . It occurs at the same
time as the fourth heart sound where this can be detected.
- point B - This point occurs at the same time or within two seconds

following the maximal deflexion of the first heart sound.

- the crossing of the zero line by dz/dT - This point is equivalent to
the onset of left ventricular ejection

- point X - This point coincides with the aortic component of the
second heart sound and the closing of the aortic semilunars.

- point Y - This point occurs at the same time as the pulmonary component
of the second heart sound

- point Z - This point occurs at the same time as the third heart sound
if this sound can be recorded

- point O - This noint corresponds to the opening of the mitral valve as
detected by the apex cardiogram

The chronology of these points relative to the phonocardiogram,electrocardiogran
and apex cardiogram has been studied by LABABID (23). These points can be used to
determine the pre-ejection period  interval - cross over of dZ/4t and the zero line: PEP)
and the left ventricular ejection time (the time between the di/dt zero line cross over
and point X: LVET).

Point X 1s unfortunately often missing and this necessitates simultancous
recording of the phonocardiogram. By determining the time between the passage of dz/dt
to zero andthe first high frequency vibration of the second heart sound the LVET can be
determined. RASMUSSIN et al (29) found excellent correlation in the dJdog between the
LVET determined in this manner and that obtained from the aortic pressure recording (r
0.986). HILL and MERRIFIELD (17) carrying out the same procedure i1n man using the
phonocardiogram and comparing the results with those obtained from the carotid pulse
determination, found that the LVET determined from the plethysmograph was gencrally 0.88%
shorter and showed excellent correlation with the LVET determined from the carotid pulse
(r = 0.95). The electrical impedance thoracic plethysmograph can therefore be used to
determine the systolic time intervals and this method has been used particularly during
physical exercise (GOLLAN et al 13,, VAN FRAECHEM et al 34).
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Figure 1 - Example of thoracic electrical impedance

plethysmography. Below, the change in
impedance, AZ, above the derivation of the
change 1in impedance dZ/dt.

The various points shown on the recording are as
follows:

corresponds to the fourth sound
corresponds to the first sound
corresponds to the second aortic sound
corresponds to the second pulmonary sound
corresponds to the mitral opening
corresponds to the third sound

NOK XD

4.2 Evaluation of the cardiac output

During heart cycle, the speed of change of the carotid impedance reaches a w )
maximum value (dZ/dt max.) during ventricular ejection. A formula derived from Ohm's
law has been suggested by KUBICEK (23) in order to evaluate the systolic volume SV:

2
sv = F(%) . (dz/dt max ). LVET ‘
[
where:
L is the distance between the two detector electrodes,in cm

Z_ is the base line impedance between the two detector electrodes, in Ohms

d2/dt max is the maximum value of dz/dt found during ventricular ejection in

ohms per second

LVET is the left ventricular ejection time, in seconds, measured as described

above

is the resistivity of the blood at the frequency used by the instrument
For a frequency of 100 KH z the mean value of / is 150 ohms/cm. A more accurate
value can be calculated from the haematocrit (GEDDES and SADLER - 12 )

The cardiac output can easily be obtained by multiplying the systolic volume by
the heart rate.

Comparison of the systolic volume and the cardiac output obtained in this way
with those determined by traditional methods (the Fick method, dye dilution, thermo-
dilution, radio-isotopes) has led to discordant findings. some authors have obtained
satisfactory correlation: DENNISTON et al. (10), HILL and MERRIFIELD (17), NAGGAR et al
(27), RASMUSSEN et al (29-30); others obtained poor correlation: BOER et al (5), KINNEN
(21), KUBICEK et al (22), LABABIDI et al (23), SIEGEL et al (R), SMITH et al (33); and
others again very poor correlation: BAKER et al (2), ENGHOFF and LOVHEIM (11},

HARLEY and GRENNFIELD (15), JUDY et al (19}, KEIM et al (20), SECHER et al (31}. From
the study of these different findings it is however possible to draw some general
conclusions:

- The method is suitable for use only in patients free from severe

valve diseas or in‘racardiac shunts
- The method gives better results in the healtny subject but the scatter
of results is too great to give any re’iable absoclute value '
- Most authors think -hat there is a . .factory correlation between }
changes in volume dJdotermined by this, method and by reference methods.




The i1nterest of the method lies in the possibility it affords of following
changes in systolic volume, systole by systole and the fact that i1t can be used
continucusly and during physical effort (VANRAECHER (34), DENNISTON et al (10}, GOLLAN
et al. (13)) during a change 1n position (BEVEGARD et al (4}, HILL et al (17}, SMITH
et al. (33) or during an anaesthesia (HILL and LOWE (14), McKENSIE et al.(25) .

4.3 Evaluation of myocardial contractility

2
The ratio PEP/LVET, the inverse of the square of the pre-ejection period (1/PEP"),

the HEATHER 1ndex (ratio of the maximum value of dZz/dt to the interval of time separating
the R-wave from the dZ/dt maximum) are indices of myocardial contractility which can be
used with thoracic plethysmography.

5. AORTIC PLETHYSMOGRAPHY

5.1 Thoracic electrodes

In order to maximise effects due to the aorta and minimise the respiratory
oscillations of the impedance variation recording, DEMANGE et al (9) have suggested
placing the detector electrodes on the anterior surface of the thorax, opposite the
ascending aorta, about 3 c¢m apart. These are 10 cm long and 1 cm wide strip electrodes.
The injection electrodes are 1dentical in form and one 1s placed on the anterior surface
af the neck and the other at the base of the thorax. The recording obtained (2) 1s '
not a pure aortic recording but a composite record with analogies with the thoracic
plethysmogram.

5.2 Systolic time determinations

The "aortic" plethysmogram makes 1t possible to determine the pre~ejection
perind, the time between the Q-wave of the electrocardiogram of the foot of the
plethysmogram and the left ventricular ejection time, the time separating the foot of the
“aortic” plethysmogram notch.

Comparison of the results obtained by this method with those obtained from
the carotid pulse and the phonocardiogram recorded simultaneously in 91 healthy subjects,
(COLIN and CARRE (6), (7) gave the following results:

The left ventricular ejection time obtained by plethysmography {(LVET )

1s 57 ms longer than that obtained from the carotid pulse (LVEZ’I'C ot ) and 1s wel?let
correlated with this: arot.
LVETcarot = 119 + 0.47 LVETplet where r = 0.75 .
A better result is obtained by using S, instead of the plethysmogram notch > )
to indicate the end of the left ventricular ejectiofi: the LVET let 8 then 33 ms shorter \
than the LVET and the correlation is improved: p
carot .
L\l.valO(_ 91 + 0.76 LVETplot. where r = 0.80 !
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Figure 2: Example of "aortic" electrical impedance plethysmograph carried out simultaneocusly

with the carotid cardiogram, the electrocardiogram and the phonccardiogram.

Q - electrocardiographic ¢-wsave
- first high frequency component of the first heart sound

e s -
1

S

S;- first high frequency component of the second heart sound

PC— foot of the carotid cardiogram (beginning of the rapid rise in the recording)

IC- catacrotic notch of the carotid cardiogram R .

Pp, Ip - foot and notch of the "aortic" plethysmogram. 1 '
i
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This finding shows that the notch on the plethysmographic recording corresponds
t the closing of the pulmonary semilunars and that the so-called aortic record is in
fact composite .

.3 Evaluation of the cardiac output

Comparison of the cardiac output values obtained by the dilution method and by
aorti1c plethysmography using KUBICEK's formula in 120 subjects, has demonstrated that
there 15 only poor correlation (r = 0.58) between the two methods and this shows that
"aortic” plethysmographic evaluation of the cardiac output does not provide better results
tran thoracic plethysmography (COLIN and CARRE {6)) despite the encouraging results
that were obtained 1nitially by DEMANGE et al. (9).

5.4 Oesophageal electrodes

Recently MITCHELL and NEWBOWER (26) used four electrodes placed on an
ocesophageal probe. In the dog they simultaneously recorded the aortic pressure and
checked that the method does provide an accurate determination of the pre-ejection period
and the left ventricular ejection time. They also found that the changes in electrical
impedance recorded were due more to the movements of the aorta than to changes in its
volume and that this method cannot be used to evaluate the cardiac output.

6 - CARDIAC PLETHYSMOGRAPHY

Because of the limitations of the thoracic and aortic plethysmography, COLIN and
CARRE (7) experimented with an arrangement of the electrodes favouring detection of the
effects of changes of volume and position of the heart on electrical impedance and
providing a correct determination of the systolic time intervals without the drawback of
the usual method of carotid pulse recording.

The electrode arrangement which gave the most satisfactory results was as
follows:

- the current 1njection electrodes are placed one at the base of the neck,
benecath the suprasternal notch and the other on the left side of the abdomen about 8 cm
below the tip of the heart.

- the detection electrodes are placed in the precordial region and on the
left border of the sternum. The upper electrode is placed in the third or fourth
intercostal space on a level with the nipple. The lower electrode is placed about 5 cm
below, at the level of the tip of the heart.

The electrodes used are normel ~lec.vocardiographic electrodes.

Detection electrodes are used to deternine the potential difference between the
two surfaces on which they are placed. Between these surfaces lie the
ventricles . he atria, the aorta, the pulmonary artery, the vena cava, and lung tissue.

But because of their proximity to the recording electrodes, the ventricles have a
predominating effect on changes in impedance. Because of this there 1s an increase 1n
the electrical 1mpedance when the heart empties during ventricular ejection and a

reduction of impedance when it fills during diastole. A certain number of other phenomcna
are superimposeced over this basic pattern. These are probably due mainly to the following
factors:

-the i1ncrease 1n volume of the root of the aorta, and of the pulmonary artery

during ventricular ejection; these are near to the upper detector electrodes
and so 1ntluence changes 1n electrical impedance.

-to movements of the heart during the cardiac cycle, to respiratory movements

and changes 1n body position. The electrical impedance increases when the
heart moves away from the thoracic cage and vice versa.

-to a lesser degree, to changes in the shape of the heart during the heart

[an %o l €.

An 1ritral study carried out by COLIN et al (7), consisted in comparing the

reording of changes 1n cardiac electrical impedance obtained from 100 healthy subjects
with the sinultaneously recorded electrocardiographic, phonocardiographic and carotid
foaise recordings (figure 3).

The cardiac plethysmogram presents four characteristic features:
17 An ancrease 1n intervening impedance shortly after the beginning of the
first heart sound (S,)
27" A reduction of i1mpedance or a sudden slowing of the increase ia impedance
usually occurring 33 ms after S, and 30 ms before the foot of the carotidogram.
37+ A sudden change 1n the rate of 1ncrease of impedance, on average occurring
h ms before the first high frequency vibration of the second heart sound (52).
4"1 A reversal of the recording indicating a reduction of impedance.

The third feature corresponds to the closing of the aortic semilunars (AC) and
kence to the end of left ventricular ejection. If 1t 1s supposed that the second
frature corresponds to the increase of volume of the root of the aorta near the upper
detector electrode, it should be possible to determine the following:

- the Q-2 time interval, which 1s equivalent to the pre-ejection period PEPplet
- the 2-3 time 1nterval, which would be the left ventricular ejection time

LVETplpt'
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Figure 3. Example of the simultaneous recording of the electrocardiogram, the carotid

cardiogram and the plethysmogram showing the reference points selected to
determine the left systolic time intervals (the pre-ejection period LPEP and
cjecticen period LVET).

A0 : Aortic opening

AC : Aortic closing

S, : First high frequency component of the second scund

PC and Ic : Foot and notch of the carotid cardiogram.

Comparison with the usual carotid pulse determination method gave the tollowing
correlations:

LVET = 0.90 LVET + 15.6 where r = 0.81
(plet) (carot.)

PEF 0.55 PEP + 51.5 where r = 0.65

,(plot) (carot.)

The fourth reference point occurs on average 30 ms after §, and it has not been
possible to relate it to any precise cardiac cvent'. -

These results confirmed the hypothesis that point 2 corresponds Lo the opening
of the aortic semilunars (A0), and seemed to be sufficiently significant to continude with
the study, but this time using the first derivative of the change of electrical mpedance
which i1mproves the accuracy of deciphering the recording and has the advantage of low
sensitivity to respiration.

The recording of the impedance derivative (fiqure 4) presents frve characteristic
features, the last four of which correspond to the four reference points stud:ied above,

An initial series of simultaneous recordings from the cardiac plethysmegram,
the carotid pulse cardiogram, the phonocard:ogram and *he clectrocardiogram taken from H0
healthy subjects confirmed the previous findings:

- Point 3 usually occurs 1 ms after the aortic cemponents of the second heart
sound and can be considered as a satisfactory indicaticn of the time of acortic semilunar
closing.

- The correlations between the time 1ntervals determined by the two methods
were also satisfactory:

LVETplot = 11 + 0.97 LVETcarot where r = 0.95

PEPUIO‘ - 30 + 0.66 PEPcaror where r ¢ 0.83
i ! .
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Figure 4 - Simultaneous recording of the derivative of the change in cardiac
electrical impedance, the carotid pulse, the electrocardiogram and
the phonocardiogram
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A final study involving the simultaneous recording of pressure by mecans of a
right and left catheter and of the cardiac plethysmogram in 32 subjects has confirmed
these conclusipns and further defined the significance of thesec reference points
(figure 5).

- Point O corresponds to the beginning of the left mechanical systole

- Point 2 corresponds to the onset of left ventricular ejection
(opening of the aortic semilunars)

- Point 3 corresponds to the end of left ventricular ejection
(closing of the aortic semilunars)

Cardiac electrical plethysmography can therefore provide a good evaluation of
the left systolic time intervals. The method uses only the usual ECG electrodes which
are easy to install and do not inconvenience the subject. These electrodes make it
possible to record simultaneously the ECG and the first derivative of the change 1in
electrical impedance during relatively long periods of time which may be up to several
days. It 1s not necessary to submit the subjects to apnoea and the method, which does not
require the phonocardiogram is not affected by noise.
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by J.Timbal
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by B.Vettes and H.Vieillefond

METHODS AND MAJOR FINDINGS OF CARDIOVASCULAR EXPLORATION INVOLVING THE HUMAN
CENTRIFUGE
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1. VALUE OF THE TILT TABLE IN THE EXPLORATION
OF CIRCULATORY FUNCTION

by J. Timbal*

Any change of position from the inclined to the upright position or vice versa
results in important haemodynamic changes which result mainly from the rapid transfer of
part of the total blood from one territory to another. The value of this type of
manoeuvre in exploring circulatory system functions has long been known {(BARACH et al
1931).

The simplest method is to request the subject to change position from lying on a bed to
standing motionless upright . This method is easy to carry out but difficult to
standardise. Furthermore the involvement of large muscles also affects circulatory
conditions. The tilt table avoids these complications; it makes it possible to
standardise aobservation conditions and to eliminate any muscular effect. If properly
carried out, the method provides a passive orthostatic or antiorthostatic test.

In practice, it is the orthostatic tests which are most commonly used in both
functional exploration during the selection or medical check up of aeronautical teams
(SCANO 1974) and for more fundamental research. Antiorthostatic tests have been used
particularly in the Soviet Union for the selection of cosmonauts.

In this article we will consider only the short term effects of passage from
the horizontal to the vertical position because these are of particular importance in
circulatory function exploration.

It would seem however that this tilt table test is not 1in universal routine use,
probably because of doubts concerning the repeatability of determinations (SCHVARTZ
1968) despite attempts at standardisation (VOGT 1966), the difficulty of determining
criteria of normality and the cost of the apparatus. Some authors prefer other tests
such as the LBNP (HORDINSKY, 1980).

I METHOD

The tilt table consists of a hard surface sufficiently big to allow patients
to rest entirely on it without any effort to keep in position, The table must rotate
easily about a horizontal axis and change from one position to another relatively quickly.

The subjects muscles must be relaxed. In order to obtain this relaxation
in vertical or near-vertical positions, the subject must be supported by body belts and
py a comfortable seat so as to avoid any pressure on the legs.

The position of the table is defined by the angle with the horizontal which
serves as the reference. To test reactions related to the upright position, authors
use angles of between + 45 and + 90 degrees. It would seem that maximum haemodynamic
effects occur at an angle of + 70 degrees (TUCKMAN and SHILLINGFORD 1966).
This position has the advantage of being easier to maintain than the vertical position
where the subject tends to tip forward. This is why this position is one of the most
commonly used.

With respect to the duration of the tests, it would seem desirable to wait
for about 20 minutes before changing position so as to ensure stable initial values.
The new position must also be maintained for a similar period. In this way it is possible
to detect any changes in the usual haemodynamic parameters.

The subjects must be monitored closely to avoid any loss of consciousness.
In any subject presenting special risk, orthostatic tolerance should be tested using
a smaller angle which may possibly subsequently be increased.

Factors which could affect circulatory reactions should be eliminated as far
as possible. For this reason the subject should avoid a hot environment, heavy meals
or severe physical exercise, all of which tend to reduce orthostatic tolerance, as well
as a cold atmosphere,which in theory at least,may increase tolerance.

By way of example, antiorthostatic tests at -15 and -30 degrees for 6 minute
periods with intervals in the horizontal position were used in the selection of some
cosmonauts.

* Centre d'Etudes et de Recherches de Médecine Aérospatiale, 26 boulevard Victor,
75996 PARIS ARMEES France.
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2 PRINCIPAL EFFECTS

The effects of the upright position on various physiological parameters have been
the subject of many studies. The most commonly observed phenomena are as follows:

In some cases, syncope occurs and this is generally preceded by a feeling of
malaise and palor which lead to the halting of the test. Syncope may occur immediately
in subjects with a cardiovascular system incapable of adaptation and this reflects
sluggishness of the sympathetic nervous system. More commonly it occurs after a delay
of a few minutes. This is the phenomenon seen in bedridden subjects or those subjected
to weightlessness for long periods. It is more difficult to explain this phenomenon and
various fairly intricate mechanisms are probably involved. There is an initial failure
of peripheral vaso-motricity, particularly of the veins which become incapable of adapting
peripheral resistances (WARD et al (1966) and so allow the build up of blood in the
lower parts of the body. This failure may occur rapidly and its corsequences develop
progressively up to the loss of consciousness or it may occur secondarily following
vagal slowing in response to severe initial tachycardia. Subsequently there may be a
failure of the angiotensin/renin system which is unable to cope with the situation.

The heart rate should normally rise as the table is tilted. The rapidity
with which this occurs is a good sign of responsiveness of the sympathetic nervous
system. However this tachycardia should remain moderate and not exceed an increase of
40% above resting values. A heart rate of above 100 is a negative feature. An
excessive rise reflects insufficient adjustment of peripheral resistances and heralds
syncope. However in certain cases syncope may be preceded by bradycardia. (WARD et al
1966) .

Cardiac output is reduced during the orthostatic test.
This has beenkn own since 1944 (McMICHAEL and SHARPEY-~SCHAFER 1944). This reduction which
is a function of the angle of tilt is considerable and reaches about 65% in the vertical
position {(MATALON and FARHI, 1979; SEGEL et al, 1973). Since the heart rate is usually
increased, this phenomenon is related to a fall in the systolic ejection volume (BEVEGARD
1960, SMITH et al 1970)

The different phenomena result in a change in the systolic time intervals with
the shortening of the left systolic ejection time (LVET)} and an extension of the left
pre-ejection period {(LPEP), with a rise in the LPEP/LVET ratio. (SPODICK et al, 1971;
STAFFOD et al, 1979).

Regional blood supply is of course affected. This has been confirmed for the
cerebral blood flow which is reduced (WHITE and ROLD, 1948), the hepatic flow i
{CULBERTSON et al. 1951), and the flow in the forearm and hand (MENGESHA and BELL, 1979).

Interstitial and venous stasis in the lower parts of the body can bhe assessed by i
determining the overall iIncrease in circumference and volume of the legs or by changes
in tissue thickness (KIRSCH et al, 1980). ! )

The blood pressure is of particular interest. During a change of position, the
systolic arterial pressure tends to fall, but in the healthy subject this fall should be
slight or rapidly overcome. Sometimes there may even be a very slight rise (ALLISON
et al, 1970). ’

The diastolic arterial pressure rises and generally remains above resting values
throughout the test.

In cases of poor tolerance there is a marked fall in the systolic pressure and
a narrowing of the systolic/diastolic difference.

This simple test provides information useful not only for the assessment of
orthostatic tolerance but also for the early detection of hypertension (FROHELICY et al,
1967).

The pressure in the pulmonary artery falls by about 30% during a tilt to + 60
degrees (LEWIS and CHRISTIANSON, 1978). Central venous pressure is also reduced.

With regard to respiration, the minute ventilation and the alveolar ventilation
are increased by about 20% and the functional reserve volume by about 40%, in the
vertical position (MATALON and FARHI, 1979).

Oxygen consumption increases only very slightly (RAEN and AMENT, 1955) so that
the venous partial pressure of oxygen falls slightly in relation with the decrease in
blood flow. On the other hand the venous partial pressure of carbon dioxide changes
little, probably because of the opposed effects of the increase in alveolar ventilation
and the decrease in cardiac output (MATALON and FARHI, 1979).

The effects of tilting from the vertical position to the horizontal position
have rarely been investigated. It would seem that the phenomena detected are a reversal
of those described above. This has been confirmed for the heart rate and the left
systolic time (COLIN and TIMBAL 1980).
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3 INTERPRETATION

The effects seen during the tilt table tests are related to changes in the
effects of gravity on the body. Two morphological factors are involved:

- the anatomical arrangerent of the large blood vessels, which generally
follow the major axis of the body. Depending on whether the pull of gravity acts along
this axis or perpendicularly to it, the static component of the intravascular pressure
is changed.

- the low pressure distendability of the circulatory system. This system
which contains about 85% of the total blood, includes major blood stream veins, the right
heart, che pulmonary circulatjon and the left ventricle in diastole. The compliance
of this system {3ml mm Hg.ko™ %) is much higher than that of the arterial system
(0.015 ml.mm Hg. kg‘l).

It therefore easily changes shape as a result of changed pressure resulting
from changes of position.

During a change to the upright position, the blood pressure rises in the lower
part of the body particularly in the legs and blood accumulates in the distendable
regions. The venous stasis produced corresponds to a liquid displacement of between
0.4 and 1 litre of blood mainly originating in the intra-thoracic vessels. This
phenomenon results in reduced venous return and a reduction of the cardiac output
sometimes described as "intravascular bleeding”. 1In the absence of any compensating
response, there would be avery severe fall in arterial pressure in the supracardiac
territories,rapidly leading to a loss of consciousness during to impaired cerebral
circulation.

The normal reaction involves various mechanisms which maintain an adequate
perfusion of the various organs and of the brain in particular. These consist of very
rapid adaptations of the circulatory flow and the peripheral resistances and, over a
longer period, of the volume of the circulating blood.

Here we are concerned only with the rapid adaptations; the initial hypotension
produced during the tilt has an immediate effect on the baroceptors. Via the
autonomic nervous system, these receptors produce an acceleration of the heart rate and
this tends to restore the cardiac output. They also trigger arterial and venous
vaso~constriction which increases peripheral resistance and so the disturbances of
arterial pressure are corrected although the efficiency of the system may vary from
individual to individual.

Cutaneous and sub-cutaneous vaso-constriction may also occur in response to
local sympathetic reflexes (HENRIKSEN 1981).

The involvement of the renin/angiotensin system occurs more gradually and the
renin activity of the plasma rises from 20 to 50% of the resting baseline after 5
minutes and to 300% above the baseline after 60 minutes (SASSAR et al 1976). This
activation is due to the reduced intrathoracic volume of blood which is detected by the
stretch receptor in the atrial walls and to a reduction in the intra-renal arterial pressure
stimulating the intra-renal stretch receptor and probably to a general activation of the
adrenergic system. The angiotensin and particularly the angiotensin II released has
both peripheral and central hypertensive effects which gradually take over from the
initial response.

There is also a rise in the blood aldosterone level, but its effect on water and
salt retention does not reach a cetectable level for too long a period to be suitable for
tilt table tests.

During a change from the vertical to the horizontal position, the stimulation
of the circulatory system is reversed, the blood flows into the upper part of the body
and the reservoir is filled. The blood pressure rises in the supracardiac territories.
The baro- andstretch receptors trigger requlatory reactions, slowing of the heart rate and
reduction of peripheral resistances., The inhibition of plasma renin activity is
relatively slow since minimum values are reached only after about ten hours (CITR 1979).

Since the horizontal position can be maintained for long periods, it is possible
to investigate more longterm adjustments which are intended to reduce the lood revs
by inhibition of ADE-secretion and the stimulation of aldosterone secretion,
However these are phenomena requiring longterm research and not involved in routine
functional exploration.

4 CONCLUSION

Tilt table tests demonstrate the rapidity and efficacy of the cardiovascular
responses to position changes, i.e. to changes in the effects of gravity. This test
is therefore of great interest in aerospace medicine and may be included in selection

;nd check»up tests for the physical fitness of aircrew,. However the way it can be
included in the battery of routine tests, the standardisation of the protocol and of
interpretation of the results remain to be defined more closely. This 1s why

research into this guestion must continue,

e ———————
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2. VALUE OF THE "LOWER BODY NEGATIVE PRESSURE" TEST
IN AEROSPACE MEDICINE

by B Vettes* and H. vieillefond **

1 INTRODUCTION

We:ghtlessness poses three main problems to space medicine. The changes of
distribution of blood and vestibular volumes resulting In space sickness .

The study of the physiopathological effects of weightlessness is not easy,
since these occur when the human body escapes from the attraction of the earth. It is
therefore necessary to use simulation methods to explore the functioning of the various
physiological systems involved.

With respect to the effect of weightlessness on cardiovascular function, it
soon became obvious that the physiopathological effects may be related to a new distribution
of the blood volumes ~.d that the so-called orthostatic tests would provide interesting
information. At pres. nt there are two types of test able to produce similar blood
volume distributions to those detected during prolonged space flights and during the
return to earth. One type of test involves changes of position of the whole body;
these are functional explorations carried out on tilt tables or during very prolonged
bedrest. The other type of test produces pressure differences surrounding the upper and
lower parts of the body and so causes the mass of blood to be transferred into the
territories surrounded by the lowest pressure. This is the test known as the "lower
body negative pressure" test or LBNP. It may be of interest to note that French authors
use these iniltials as there is no reccognised French term.

2 TECHNICAL ASPECTS AND PROCEDURE

The test requires the use of an air-tight container into which the lower part of
the subject's body is placed up to the level of the antero-superior iliac crests.

To the best of our knowledge, there is no caisson available on the market for the
purposes of this test and each laboratory or unit of functional exploration has to
prepare their own.

The force of the container may vary greatly and is of little importance,
The authors use an Afcodur cylinder which is 500 mm in diameter and 1500 mm in length
1.e. with a value of 295 dm3. This can be made of hardboard, metal or plastic, the
essential feature being that the structure is not deformed by the changes in pressure
applied.

There are no special problems attached to the production of relatively small
reducti1ons in pressure. A system of vacuum pumps easily provides depressions of
about 100 h Pa 1f the caisson is not too large.

The most difficult problem would seem to be that of the sealing around the body
which must be thorough and which must adapt itself to the shape of the subject being
tested. The most satisfactory solution would appear to be that used in the Physiology,
Biophysics and Medicine Department of the University of Kentucky Medical Centre (16)
which uses an iris-like structure. However it is not easy to introduce the subject into
the container or to get him out again.

The assembly used by NASA at the Houston Manned Spacecraft Centre (13) overcomes

nost of the obvious drawbacks. For reasons of economy, the authors have preferred to use
a Neoprene tube which the subject wears like a belt and which fits onto an Afcodur
cylinder to which it 1s laced. I1f a whole population is to be covered, two or three

daifferent lengths of tubing should be provided.

In the Yuri Gagarin cosmonaut training centre, Soviet researchers use an
inflatable sausage, which provides a very qgood waist-seal when inflated but does produce
some abdominal pain.

3 EXPERIMENTAL PROTOCOLS

There 1s no standard test protocol and the literature includes many methods
differing with respect to the duration and extent of the pressure depression applied.

For the selection of cosmonaut candidates, the Soviets use the following
protocol:
After a rest period of 15 minutes the following pressure reductions are applied:
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33 h Pa for two minutes

47 h Pa for three minutes

60 h Pa for five minutes

67 h Pa for five minutes
followed by a return to normal pressure,

This protocol is simple, and rapid and produces sufficient change in the
circulating blood masses to assess cardiovascular function,

This protocol was also used in the selection of French sgpacionaut candidates 1n
the Saliout -Soyouz project of 1982.

In the United States where more studies have been undertaken, the protocols
vary from author to author with respect both to the extent of pressure duration and the
time for which 1t 1s applied. However, overall, one can divide the protocols into two
groups. One group are all fairly sim:lar to the Soviet protocol and involve stages of
5 minutes at -4Q then at -53 and finally at -67 h Pa (3); the other group have longer
periods of exposure and sometimes greater pressure reductions, for instance LOEPPKY (6)
uses three successive stages of 10 minutes at -27, ~53 and -80 h Pa.

Other protocols i1nvolve a single exposure,which may be fairly lengthy, Lo reduced
pressuare.

WOLTHUIS (14) subjected his subjects to reductions of -53 h Pa applied for 15
minutes; STEVENS et al (2) had an exposure period of 20 minutes.

FASOLA et al (2) 1nvestigated several protocols by changing the pressure reduction
applied to the lower body over a 30 minute period.

WOLTHUIS et al (15) carried out a valuable study comparing the cardiovascular
response of subjects under a protocol involving a single pressure reduction and under a
protocol 1nvolving progressive stages of reduction. The first protocol involved a
reduction of -53 h Pa applied for 15 minutes, and the second involved three successive
stages of 5 minutes at -27, -40, and -53 h Pa. There was no significant difference
between the results (heart rate, leg volume, systolic ejection volume) obtained during
the final minutes of the two tests. In other words, it would seem that the eoxtent of
the depression would seem to be a more significant physiological stimulus that the time
for which this depression 1s applied. The authors also report that the test i1nvolving
progressive stages has the advantage of providing better information concerning the
development of vascular changes, The use of a simple prolonged reduction of pressure
would also seem to produce more frequent vascular collapse and loss of consciousness.
At present it would seem that constant level LBNP tests are being abandoned in favour
of tests 1nvolving successive increments.

4 RESULTS

The effects of the LBNP test have frequently been studied and can be divided 1nto
two groups which we will consider separately. The first group contains the cardiovascular
effects and the <ccond the respiratory effects, It is obvious that this distinction 1s
totally arbitracy, and 1t 1s evident that depression of intrathoracic inspiration affects
the return of venous blood.

4.1 <Cardiovascular effects

From the cardiovascular point of view, the depression applied to the lower body
during the test has the major effect of displacing part of the blood mass towards the
intracardiac territories,

This displacement of the blood is accompanied by a series of physiological changes,
the most 1mportant of which is probably the fall in central venous pressure. This effect
results in a reduction of the systolic ejection volume and hence of the cardiac output 1in
accordance with STARLING's law and may result in a fall of arterial pressure as ROWELL
«10) and ROWELL et al (11) have shown.

Of course the reqgulatory mechanisms are involved and maintain the arterial
pressure sufficiently to ensure perfusion of the noble organs. These mechanisms are of
two types. The first are rapidly called into play and produce reflex orthosympathetic
activation from the sino-carotid and aortic baroceptors. This in turn produces an
increase in the heart rate, the contractility of the myocardium and of the peripheral

vascular resistances. The second group are more long term in effect and involve renal and
hypothalomo pituitary endocrine adjustments, in response to signals from ¢! stretch
receptar of the right atrium. These produce water retention and hence mair: mce of blood
volume (SHIMIZU et al (12).

As well as the fall of central venous pressure, the accumulation . : »lood in the

venous reservolr system of the legs involves a very considerable increase in ‘5o transmural
pressure which results in a net plasma flow into the cxtravascular spaces,

The change in volume of the legs 1s extremely rapid and depends on the uressure
reduction applied to the lower body.

MUSGRAVE et al (7). using a water plethysmograph system, demonstrated that leas
submitted to a pressure reduction of -53 h Pa show an increase in volume of 2.9% after
one minute of exposure, 3.4% after threc minutes and 3.6% after five minutes.

According to these authors the level of filtration of plasma across the vein wall 1s of
the order of 0.03 ml/mn per 100 ml of tissue and hence very similar to the daca published
by DRURY and JONES (1) in 1927.

Very recently POIRIER (18) during the selection of French cosmonauts carried out
at the Centre National d'Etudes Spatiales, and using an electrical impedance plethysmograph,
was able to mecasure changes in the volume of the calf during pressure reductions of as
much as 67 h Pa. The mean increase in volume of the leg varied from subject to subject
between 1.2 and 5.8 % with a group mean of 2.6%. These figures exactly match those of
LOEPPKY et al (6) which were obtained with pressure reductions of up to 80 h Pa.

——— .
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For many authors and particularly for the specialists at the NASA Johnson Space
Center (5), the physiological parameter most sensltive to the changes produced by LBNP
i1s beyond doubt the heart rate.

All the studies published to date report a considerable i1ncrease 1n the heart
ra.e during the test.

In a comparative study of the cardiovascular results obtained ir three differen:
orthostatic tests following prolonged bedrest te simulate weightlessness, HYATT et al
({3} were able to show that the LBNP was frequently the test which produced the greatest
change 1n heart rate.

In POIRIER's study already mentioned (8), a mean increase of 30% 1n the heart
rate was obtained.

4.2 Respiratory effects

The main effect of the LBNP on the ventilatory mechanism is Y shift of the
thoraco-pulmonary compliance plot towards the left by about 15% of the reserve functional
capacity . This is fairly similar to the changes described by RAHN et al (9) during
a change from the prone to the sitting position. LOEPPKY et al (6) report and increase
in pulmonary ventilation essentially related to an increase of the flow volume.

The gas exchanges of course altered because of the reduced central blood volume.
The diffusion capacity of the lung, assessed from theDilL/CO} is reduced by 17% after 6
minutes of LBNP at -53 h Pa (2ECHMAN et al (17) . in a similar field, LOEPPKY et al
(6) detected a fall of 20% in the pulmonary capillary transfer of oxygen during the first
minute of an LBNP test at -26 h Pa accompanied by a fall 1n the oxygen content of venous
blood

5 APPLICATICN OF THE LBNP TEST IN AEROSPACE MEDICINE

The lower body negative pressure test 1s of two-fold interest in aerospace
medicine. Firstly, it provides an excellent method for investigation of the cardiovascular
and respiratory changes associated with weightlessness and secondly 1t provides a method
of preventing these problems during flight

STEVENS =2t al (13) have shown that the daily use of the LBNP during a period of
one month of total bedrest is very effective in preventing the loss of plasma, reducing
the 1ncrease in heart rate and maintaining the cardiac index at a more satisfactory level
during the LBNP. It 1s therefore not surprising that use of the LBNP has been
cxtended to the training of astronauts and to the prevention cf the severe orthostatic
syndromes which occur after a return from a mission.

In 1976, JOHNSCN et al (5) reported the American experience following the skylab

flight (3) and the usefulness of LBNP seemed obvious to these authors. Currently ail
orbital stations are equipped with a caisson suitable for carrying out this test. 3
llowever, aeronautical medicine can also benefit from the lower body negative 4

pressure test not only as a clinical orthostatic test but espocially as a means of
investigating cardiovascular adaptation capacity to the positive longitudinal accelerations
known as + C

The physiopathological disturbances produced by + Gz accelerations are of vascular
origin and the mechanism by which they occur 1s fairly similar to that underlying LBNP.
It 15 of interest to note that weightlessness reduces the tolerance of accelerations.
(JACOBSEN et al (4))

The use of the centrifuge to investigate acceleration tolerance remains a costly
test which 1s difficult to 2perate and and 1n some circumstances it can be complemented
by the LBNP test.
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3. METHODS AND MAJOR FINDINGS OF CARDIOVASCULAREXPLORATION
INVOLVING THE HUMAN CENTRIFUGE

by B. Vettes* and H. Vieillefond**

Cardiovascular function is particularly sensitive to the prolonged accelerations
encountered in aeronautics.

During + Gz accelerations, the forces of inertia are directed towards the legs.
They tend to produce an accumulation of blood in the lower regions, i.e. especially 1n the
splanchnic veins and the veins of the legs which dilate considerably. As the accelerations
increase, there 1s a fairly rapid accumulation and within a few seconds the venous retu:n
to the heart is not sufficient to provide satisfactory cerebral irrigation. Furthermore
the 1ncrease 1In the weight of the blood column above the heart produces excessively low
arterial pressure in the terminal arteries of the retina and encephalon even though the
cerebral flow of the major trunks is maintained by a syphon effect between the right
heart and the left heart.

The body calls correcting mechanisms into play, particularly a rise in the heart
rat-, vasoconstriction and increased force of cardiac contraction. This haemodynamic
tolerance 1s a function not only of the degree of acceleration but also of the duration
and uf the suddenness with which it is applied. This tolerance may be increased by various
physiological manoeuvres (manoeuvres Ml, M2 or L1) and the use of respiration under 1increased
pressure and anti-g equipment.

During - Gz accelerations, the forces of inertia are directed towards the head,
and the arterial iand venous pressures above the heart rise as soon as the - Gz acceleration
begins. The fall in heart rate accompan:ed by reduced systolic output and cerebral arterial
pressure is due to the sino-carotid reflex triggered by carotid hypertension.

During transversal accelerations, + Gz and + Gy, the forces of inertia are
directed perpendicularly to the axis of the major blood vessels. This i1s why the circula*:on
1s much less severely affected and tolerance much better.

However, experience has shown that transverse accelerations do produce notable
cardiovascular reactions. It has been possible for over forty years to reproduce t Gz,

+ Gx and + Gy accelerations in the seated or reclining subject using the human centrifuge.
The centrifuge remains an excellent mcans of investigating the efficacy of protective
devices, particularly anti-g clothing. Research has concerned both anti-g trousers and
the anti-g valve. The purpose of the research is to improve the comfort of the clothing
(BURTON and KRUTZ 1975; DAVIES 1976, SHAFFSTALL ]197€) of producing uniform pressure

within the clothing (BURTON et al, 197 3; KRUTZ et al 1974) of ensuring improved cfficacy
of the anti-g valve by a pre-inflation technique (SUCHNER and DOUGHERTY 1973, VETTES et
al 1979) or by changing the condi-ions of inflation (THOMPSON et al, 1978 a and bj.

In general t!- following parameters are recorded:
- heart rate

-~ electrocardiogram

- arterial pressure

- heart output, local flow

- visual field.

However, generally the methods of determination are invasive 1nvclving the trauma
of catheterisation and constiderably hindering the subject unde; test. It 15 of yreat
interest to have available non-invasive and simpl- methods. This is the purpose ot the
present article.

1 - Heart rate
This can be measured by phonocardiograrhy, with the phonocardiograph firmly attached to
the thorax of the subjoct by an elas®ic strap (VETTES et al, 1979). However, durin, the

centrifugal movement, the instrument s severerly atfected by the swrrounding noisc.
This 1s why the heart rate 1s often calculated from the electrocardinoraph ¢ recording.
At the BRETIGNY Laboratory of Aerospace Me“icine, the heart ratc 1s cal-ulated from
three cycles and continuously displayed by a digital cecmputer,
Since only a very approxim.te value ls obtained, 1t 1s preferable o calculate
*he value from ten cardiac cycles or the electrocardiogram.
During + Gr acceleration, the heart rvate increases in funct:on of vhe acecleration

colerarton farther

and Ly FTT, 1973

up to + 7 Gz and may reach 150 to 180 beats per minute; above this
increase 1s siight (PARKHURST et al, 1%72:; SHUBRCNKS, 1972; SHUBRO
LEVERETT et al, 1973; BURTON et al, 12741, In lower accelerat .o ns <{ 4-7
ant 1-g trouser 15 able ta afford some pratection, limiting the tachycardia whist retaining
the adaptive function of the tachycardia in restricting the fall sn cardiac ourout (VETTES
nt oal, 19791,

This tachycardia has "hree components:

- an ~motional fac*or

- physiological manceuvres M1, L1 intended to imprs ve tolorance-
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- the Gz accelerations themselves.

However SHUBROOKS and LEVERETT (1973) reported a reduced heart rate in a subject
exposed to + 7.5 *z. The heart rate of the subject changed from 160 to BO beats per
minute between the¢ 18th an< the 30th second was reported by KIRKLAND and KENNEALY in
1976 and by GILLINGHAM and CRUMP (20). The interpretation of this phenomenon is not
clear and there may have been some pathological cause.

During - Gz acceleration sinus bradycardia is detected (VETTES and POIRIER
1978) . The heart rate may fall to 38 beats per minute and may even be followed by
cardiac arrest (BONDURANT and WILLIAM 1958).

During Gx transverse accelerations, the heart rate increases but to a lesser
extent in the case of moderate accelerations; for accelerations of 8, 10 or 12 g, higher
values may be reached (VETTES and AUFFRET 1980) and the heart rate may reach 160 or
even more beats per minutes in the prone subject (BONDURANT et al 1958).

2 - The electrocardiogram
This is performed routinely in all experiments as a safety precaution. However, there are
some technical difficulties in picking up, amplifying and transmitting the signal.
Tolerance of high levels of acceleration requires the Ml and Ll manoeuvres which involve
contraction of the abdominal muscles and the limbs which results in considerable myogram
parasiting of the electrocardiogram. This is why the usual precordial and peripheral
leads are replaced by electrodes at sites such as those used in medicine of sport.

At the BRETIGNY Laboratoire de Médecine Aérospatiale, the ECG is obtained in
two ways :

In the first method, three electrodes are attached to the previoysly scoured
skin of the subject, two under the armpits and one in the dorsal region (VETTES et al,
1979).

In the second method, four electrodes are attached to the skin, one in each of
the supraspinous fossa (right and left), and the other opposite the triangle of Jean-Louis
PETIT.

These arrangements provide the three standard peripheral derivations (D1, D2
and D3). The second arrangement minimises baseline disturbances due to the myogram and
respiratory changes. This method provides an excellent signal/sound ratio. It also
leaves the thorax completely available for the placing of the plethysmograph electrode
and for the phonocardiographic detector (VETTES and AUFFRET 1980).

After amplification, the electrical signals picked up by the electrodes are
transmitted via revolving compacts towards the terminal recorders and displayed on a
cathode oscilloscope equipped with a memory, the screen of which is placed in front of the
supervising physician .

Rhythm disturbances, and ventricular extrasystoles frequently occur during and
after exposure to + Gz accelerations, particularly if these are prolonged (SHUBROOKS and
LEVERETT, 1973). VETTES et al, 1979, recorded the onset of superior nodal extrasystoles
and sometimes bigeminous ventricular extrasystoles at + Gz. According to LEGUAY et
al, 1978, the frequency of extrasystoles during extreme accelerations may precipitate
or intensify mitral prolapse.

Other abnormal features may appear, such as MOBITZ type 2 sino-ventricular
dissociation, sino-atrial block or atrial extrasystole.

Changes in the shape of the tracing have been reported. These usually consist
of the flattening or even inversion of the T-wave (COHEN et al, 1969 and BURTON et al
1974 b). Sometimes the ST segment may be depressed (BURTON et al., 1974 b). However,
because of the muscular artefacts resulting from the exertion of the Ml manoeuvre,
these changes are difficult to interpret. The vectocardiogram has frequently been
investigated and has the advantage of visualising electrical vectors in three dimensions:
the frontal, sagittal and transverse planes. None of the authors have reported any
pathological signs (BONDURANT et al., 1958; COHEN et al, 1970).

According to LAUGHLIN et al, 1980, during high accelerations (7 Gz), the QRS complex
undergoes posterior rotation in the sagittal plane and anti-clockwise rotation in the
transverse plane. These disturbances are probahly more closely related to changes in
the position of the heart in the thorax than to cardiac failure. However,
GILLINGHAM and CRUMP, 1976; and WILL et al, 1978, reported transient changes in the
angle of the T loop, suggesting disturbed repolarisation,

During -Gz accelerations, XINNEALY et al, 1976, detected the onset of a slow
and irreqular junctional rhythm which persisted for some time after the end of the test.

Transverse accelerations may also produce electrocardiography disturbances
(ROGGE et al, 1969 and VETTES, 1980). VETTES and AUFFRET, 1980, suggested the presence
of an intermittent sino-atrial block with escape beats at + 8 Gx, as well as extrasystoles
at + 8 Gx. One subject presented severe bradycardia and changed base-line rhythm
following the halting of transverse accelerations. Basic atrial activity disappeared
and there was slow junctional escape. However, there were small features in the tracing
just before and just after the ventricular complex which suggest the possibility of
retrograde or dissociated P-waves. The main features therefore are a depression of
sinus activity accompanied by junctional rhythm and possibly some depression of atrio~
ventricular activity. These phenomena are part of the short-term vagal rebound

phenomenon and have no particularly negative significance from the cardiovascular point
of view,

3 - Arterial pressure
The arterial pressure in the eye is usually assessed from the pressure in the radial
artery determined by a catheter, with the detector placed at the same level as the eye
by suitable positioning of the wrist and forearm (LEVERETT et al, 1973; SHUBROOKS, 1973;
SHUBROOKS and LEVERETT, 1973; KRUTZ et al, 1973; GILLINGHAM et al, 1979 and 1978).
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However this is an invasive method which is not free from drawbacks, since the catheter-
isation of the radial artery may produce pain in the forearm and arm as well as in the
thorax (intercostal spaces) or even a loss of consciousness (GILLINGHAM and CRUMP, 1976).

This is why the BRETIGNY Laboratoire de Médecine Aérospatiale has spared no
effort to develop an accurate non-invasive and indirect method of determining the arterial
pressure.

In 1958, CABANON and SERIS developed an instrument for determining the arterial
pressure based on the principle of pulse detection.

The systolic arterial pressure is determined by means of an arm band placed on
the left arm of the subject. Alternating inflation and deflation of the band are
controlled by an electrovalve.

A manocontact limits the maximum pressure of inflation of the armband to 300 mb
i.e. 22.5 cm Hg. The pressure inside the armband is determined- by a mutual inductance
manometer.

A capacitance pulse detector (infraton) attached between two fingers transforms
changes in pressure due to the blood flow in the artery into changes of potential. These
changes are amplified in the container of the centrifuge, particularly under low impedance
to a level of about 1 volt and are then transmitted to the recording assembly.

The left forearm of the subject rests in an adjustable groove which keeps the
arm fitted with the armband at the level of the clavicle .

The systolic and diastolic arterial pressures are now determined by means of a
pneumatic armband which is inflated and deflated by an electromechanical system controlled
directly from the control desk. Recordings are made of the pressure within the armband
and the appearance or disappearance of Korotkoff sounds detected by a highly sensitive
microphone placed over the humeral artery at the end of the elbow.

A method involving auscultation in this fashion inevitably results in errors in
the systolic and diastolic pressure determinations by means of the Korotkoff sounds.

The sounds recorded result from the beats of the heart. There is a variable
latent period between the time when the pressure within the armband reaches the true
arterial pressure and the onset of the Korotkoff sound. This delay may be as great as a
whole cardiac cycle. The aror is therefore greatest in subjects with a slow heart rate and
with excessively rapid deflation of the armband. In practice, for a subject with a heart
rate of about 60 to 70 beats per minute and with a deflation rate such that the armband
is completely deflated within about 25 seconds, this error should not exceed one third of
a cm of Hg for maximal pressure.

A method of this type was used by PELLIGRA et al, 1973. In the Soviet Union,
the Korotkoff sounds are determined from the inflation pressure of the armband .

However, during the revolutions of the centrifuge, the microphone also picks up
the surrounding noise and vibrations and it becomes very difficult to interpret the
recordings. For this reason a differential determination is carried out between the
main pouch of the armband and a small secondary pouch over the brachial artery and
kept at a pressure similar to tmt of the large pouch by means of a leakage resistance.

A + 5 mb differential capsule between the twopouches detects the oscillations due to arterial
beats.

Determination of the arterial pressure in the eye involving M1l-Ll1 respiratory
manoeuvres, respiration in increased pressure and the wearing of anti-g clothing has been
carried out particularly by LEVERETT et al, 1973; SHUBROOKS, 1973; SHUBROOKS and LEVERETT

1973 .

The anti-g trouser of itself tends to raise the arterial pressure in the eye
even at low accelerations (CABANON and SERIS, 1959).

SHUBROOKS (1973) demonstrated the beneficial effect of the Ml or L1 manoeuvre
and of respiration under increased pressure on arterial pressure.

For VETTES et al, 1980, an increase in both systolic and diastolic arterial
pressure 1is normal in subjects with good acceleration tolerance. During both Gx and
Gz accelerations, if the pressure remains low or collapses, there is a rapid loss of
vision and sometimes a total loss of consciousness.

Any sudden increase in pressure, especially if accompanied by a narrowing of the
differential is also a sign of intolerance (VETTES et al, 1979).

4 - Venous { ressure:
This was studied by LEVERETT et al (1973), (BURTON et al, 1974), at both central and
peripheral levels but requires the use of invasive methods. The central venous pressure
is determined by means of a catheter introduced into the medium cubital vein and pushed
into the superior vena cava of the right atrium. The intra-thoracic pressure, measured
by means of an oesophagial probe, serves as a reference.

The peripheral venous pressure at the ankle is determined by means of a catheter
introduced into a surface vein of the ankle.

Methods of this type are not used in France, and only the determination of the

blood flow in the limbs by means of the electrical plethysmograph can be used to determine
venous accumulation (VILIAMS).

S - Cardiac output:
Most of the methods for determining cardiac output are invasive methods requiring complete
catheterisation. In 1960, LINDBERY used a method of cardio-green dilution. Other authors
have attempted an estimation based on the investigation of changes in X-ray opacity of
the heart (LEVERETT et al. 1973) or gamma ray opacity (KOPPENHAGEN et al, 1978).
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GRAYBOYS and MICHAELSON (1976) evaluated the systolic ejection volume from the systolic
time intervals determined using a cardiogram and phonocardiogram.

For many years LAMAS have used an electrical plethysmographic method which is
able to determine changes in cardiac output or more exactly changes in the systolic
ejection volume, DEMANGE, 1970.

The principle is simple: when a body segment is crossed by a high frequency
electrical current, the variations of volume related to circulatory changes occurring in
the segment, result in changes in electrical impedance. A current with high frequency
(100 KRz) and low voltage is injected between two electrodes placed on the skin, one
electrode is placed at the base of the neck (carotids), and the other a hand’'s breadth
below the left nipple (the lower precordial region) or beneath the rib cage.

The current flows between the two electrodes along the conductors offering the
least resistance to its passage (aorta, major vessels of the trunk).

Changes in impedance, measured between two cutaneous electrodes placed either
on the sternal manubrium, above the ascending aorta, or on the thorax, above the
thoracic vessels, correspond to a change in volume of the arterial segment lying between
the electrodes which is itself proportional to the systolic ejection volume.

The graphical interpretation suggested by KUBICEK (extensions throughout the
cardiac systole of the steepest slope at the beginning of the systolic wave) and
determination of the systolic time interval from the phonocardiogram or from the ECG by
means of the usual shape, make it possible to determine if not the exact systolic ejection
volume, at least a value representative of it and changing in proportion to it.

Given the heart rate it is also possible to deduce both the aortic and thoracic
blood flow.

The equation required is as follows:

Av= ARxpxL2
Ro (Ro + AR)

where

4V = change in volume (ml)

«aR = change in electrical impedance (ohms/cm ) (calculated from the graph)
p = resistivity of the circulating blood (ohms/cm ) (mean value = 153)
L = distance between the detection electrodes (cm)

Ro = baseline resistance between the eletrodes (ohms)

R and Ro are determined by means of a resistance placed in series with the
ejection electrodes and with an electrical potential opposite to that
detected by the two detection electrodes.

At present this apparatus is undergoing some modifications, particularly concerning
the calibration , which is carried out within the apparatus itself by means of a known
resistance. There is also the possibility of an automatic or manual return to the
base-line.
This apparatus has four commutable channels and can be used to follow displacement
of the aorta during acceleration by means of a multiple array of electrodes.

Correlations with invasive determinations in man (cardio-green), carried out by
DEMANGE et al, 1973, have shown that the absolute figures for the cardiac output are
fairly equivalent except for very short subjects (with a short aorta).

However, this method is quite suitable for use in evaluation changes of output
as a percentage of the resting value.

By a similar method, ZOUBAVINE et al, 1972, analysed the reactions of the
cardiovascular system during experiments in the human centrifuge.

DEMANGE, 1970, showed that during + 3 Gz longitudinal accelerations over a
prolonged period (15 to 20 minutes), subjects without anti-g protection presented
malaise with falls in the systolic ejection volume, arterial pressure and changes in
heart rate (bradycardia or tachycardia).

However, the wearing of anti-g trousers produced excellent tolerance with an
increase in the systolic ejection volume, cardiac output and arterial pressure and reduced
tachycardia.

The same observation was made by VETTES et al, 1979 and 1980,

During the Gz acceleration, the systolic ejection volume is considerably reduced
(-40 to ~508) and despite the tachycardia, the cardiac output falls by 25 to 30%.

Subjects presenting visual disturbances (grey or black mist), also present low
arterial pressure and a considerable reduction of the systolic ejection volume (65%)
and of the cardiac output and one subject even lost conscicusness completely.

The fall in thoracic volume on exposure to 10 Gx acceleration is of the order of
45% and a fall in output of the order of 13% . Here too a very low arterial pressure
9/4.5 is accompanied by a collapsing thoracic volume (fall of 758 with reduction of the

visual field).

6 - Local blood flow:
It should be noted that it is important to determine local blood flow, particularly cerebral

flow, during accelerations and this may provide a fairly good reflection of the retinal

circulation.

PELLIGRA et al, 1973, KRUTZ et al. 1975 determined the flow in the superficial
temporal artery by means of a Doppler electromagnetic flowmeter and demonstrated the
relationship between the reduction of cerebral circulation, the fall in arterial pressure
within the eye and visual criteria (black mist).
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Other authors, such as WOOD et al, MW#63, used a photoelectric apparatus
placed on the lobe of the ear to detectchanges in opacity of the ear (blood content)
during longitudinal Gz accelerations.

DUANE (1954) and LEVERETT and NEWSON (1971) applied a method of retinal
photography involving a fluorescent substance to show that the black mist, a subjective
phenomenon, did correspond with the halting of retinal circulation.

DEMANGE and DEMON (1963) explored the cerebral circulation by means of a two-
electrode rheoplethysmograph. In the two-electrode method, the part of the body under
examination (skull) is inserted by means of two electrodes, into a branch of a WIEN
bridge supplied witialternating current with a frequency of 150,000 BHz. A calibration
assembly placed in series makes it possible to assess changes in the rheographic curve.
The mean equilibrium of the bridge is obtained by adjusting the variable rheostats and
capacitances which are placed in series on another branch.

The disequilibrium potential created by changing the impedance of the deep
tissues is recorded at the exit from the impedance detector and relayed through two
amplifiers. A continuous amplifier givesthe base line and an alternate amplifier the
rheogram. These two parameters are recorded on two channels of the graphical recorder.

The two electrodes stuck on either side of the skull record changes in volume
of the large cerebral vessels. They are held tightly in place against the skin by means
of an elastic strap which also prevents any changes in capacitance and virtually
interrupts the circulation of blood in the scalp beneath the electrodes.

The tangent to the curve in the descending portion of the systole is used in
interpreting the graph. The distance between this tangent and the isoelectric line at
the onset of systole is equivalent to a change of resistance A R, which is nearer to
what actually happens (NYBOER).

DEMANGE (1967) was able to follow the fall in cerebral flow (or at least of an
index of this flow) during longitudinal Gz accelerations. The appearance of the grey or
black mist was reflected in a severe reduction of the cerebral arterial pulse.

The 4-electrode electrical plethysmograph can also be usead.

7 - The visual field:
The assessment of the visual criteria is an excellent way of assessing the haemodynamic
tolerance of a subject to acceleration. A loss of peripheral or central vision indicates
retinal circulatory failure heralding cerebral failure. Many authors have suggested
visual criteria of tolerance. The various criteria suggested include the loss of
peripheral vision (PLL: Peripheral light loss) and the loss of central vision (CLL:
Central light loss), or 50% loss of central vision (CLD: Central light dim) (PARKHURST
et al, 1972; SHUBROOK, 1973; COBURN, 1975; HILL 1978). The technical assemblies used
may be very simple involving Only J lamps, (one central red lamp and 2 peripheral green
lamps ) or highly complex (PELLIGRA et al 1973 and GILLINGHAM and MACNAUGHTON 1977).

At LAMAS the visual test explored peripheral vision along a meridian. 16 small
white lights are placed every 10 degrees on a semi-circular ramp placed on a horizontal
plane which passes through the eyes of the subject. The two outermost lights, if they are

visible, correspond to a visual field of 180°. .
From the medical surveillance post, a control box provides random lighting of "
the outermost light to the right and left. The subject must maintain central vision

and put out the lights by means of a push button. The time taken to put them out is
converted into numerical form and included inthe print-~out. Failure to put out a light
is considered as a reduction of the visual field by 20° and the lighting pattern moves
on to the following combination. The arrangement of lights is reproduced on the
control desk in front of the physician.

This system is able to explore the visual field and also to assess the time .
taken to respond {(the reaction time) to a luminous signal (the mean time taken to switch N
on the light is about one second). :

Under both Gz and Gx accelerations, the reduction of visual field is related to }
marked hypotension and a collapse in the thoracic or systolic ejection volume and also 3
to subjective effects: grey or black mist (VETTES and AUFFRET 1980).

8 - Conclusions:
Sustained Gz and Gx accelerations definitely affect cardiovascular function and consequently
use of the human centrifuge must always be accompanied by close cardiovascular monitoring
by the investigator. The various non-invagive methods of functional investigation have
the advantage of being simple to carry out, and of being suitable for prolonged and
repeated use .,
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